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DISCLAIMER

The use of company or product name(s) is for identification only and does not imply endorsement by the
Agency for Toxic Substances and Disease Registry.

This information is distributed solely for the purpose of pre dissemination public comment under
applicable information quality guidelines. It has not been formally disseminated by the Agency for Toxic
Substances and Disease Registry. It does not represent and should not be construed to represent any
agency determination or policy.
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FOREWORD

This toxicological profile is prepared in accordance with guidelines developed by the Agency for
Toxic Substances and Disease Registry (ATSDR) and the Environmental Protection Agency (EPA). The
original guidelines were published in the Federal Register on April 17, 1987. Each profile will be revised
and republished as necessary.

The ATSDR toxicological profile succinctly characterizes the toxicologic and adverse health effects
information for these toxic substances described therein. Each peer-reviewed profile identifies and reviews
the key literature that describes a substance's toxicologic properties. Other pertinent literature is also
presented, but is described in less detail than the key studies. The profile is not intended to be an
exhaustive document; more comprehensive sources of specialty information are referenced.

The focus of the profiles is on health and toxicologic information. Each toxicological profile begins
with a public health statement that describes, in nontechnical language, a substance's relevant toxicological
properties. Following the public heaith statement is information conceming levels of significant human
exposure and, where known, significant health effects. The adequacy of information to determine a
substance's health effects is described in a health effects summary. Data needs that are of significance to
protection of public health are identified by ATSDR and EPA.

Each profile includes the following:

(A) The examination, summary, and interpretation of available toxicologic information and
epidemiologic evaluations on a toxic substance to ascertain the levels of significant human
exposure for the substance and the associated acute, subacute, and chronic health effects;

(B) A determination of whether adequate information on the health effects of each substance is
available or in the process of development to determine levels of exposure that present a
significant risk to human health of acute, subacute, and chronic health effects; and

(C) Where appropriate, identification of toxicologic testing needed to identify the types or levels of
exposure that may present significant risk of adverse health effects in humans.

The principal audiences for the toxicological profiles are health professionals at the Federal, State,
and local levels; interested private sector organizations and groups; and members of the public. We plan to
revise these documents in response to public comments and as additional data become available.
Therefore, we encourage comments that will make the toxicological profile series of the greatest use.

Comments should be sent to:

Agency for Toxic Substances and Disease Registry
Division of Toxicology and Environmental Medicine
1600 Clifton Road, N.E.

Mail Stop F-62

Atlanta, Georgia 30333



vi

The toxicological profiles are developed under the Comprehensive Environmental Response,
Compensation, and Liability Act of 1980, as amended (CERCLA or Superfund). CERCLA section
104(i)(1) directs the Administrator of ATSDR to “...effectuate and impiement the health related
authorities” of the statute. This includes the preparation of toxicological profiles for hazardous substances
most commonly found at facilities on the CERCLA National Priorities List and that pose the most
significant potential threat to huran health, as determined by ATSDR and the EPA. Section 104(i)(3) of
CERCLA, as amended, directs the Administrator of ATSDR to prepare a toxicological profile for each
substance on the list. In addition, ATSDR has the authority to prepare toxicological profiles for substances
not found at sites on the National Priorities List, in an effort to “...establish and maintain inventory of
literature, research, and studies on the health effects of toxic substances™ under CERCLA Section
104(i)(1XB), to respond to requests for consultation under section 104(i}4), and as otherwise necessary to
support the site-specific response actions conducted by ATSDR.

This profile reflects ATSDR’s assessment of all relevant toxicologic testing and information that
has been peer-reviewed. Staffs of the Centers for Disease Control and Prevention and other Federal
scientists have also reviewed the profile. In addition, this profile has been peer-reviewed by a
nongovernmental panel and is being made available for public review. Final responsibility for the contents
and views expressed in this toxicological profile resides with ATSDR.

MM 25

Howard Frumkin, M.D., Dr. P.H. Thomas R. Frieden, M.D., M.P.H.
Director, National Center for Environmental Administrator, Agency for Toxic Substances and
Health/Agency for Toxic Substances and Disease Discase Registry

Registry
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QUICK REFERENCE FOR HEALTH CARE PROVIDERS

Toxicological Profiles are a unique compilation of toxicological information on a given hazardous
substance. Each profile reflects a comprehensive and extensive evaluation, summary, and interpretation
of available toxicologic and epidemiologic information on a substance. Health care providers treating
patients potentially exposed to hazardous substances will find the following information helpful for fast
answers to often-asked questions.

Primary Chapters/Sections of Interest

Chapter 1: Public Health Statement: The Public Health Statement can be a useful tool for educating
patients about possible exposure to a hazardous substance. It explains a substance’s relevant
toxicologic properties in a nontechnical, question-and-answer format, and it includes a review of
the general health effects observed following exposure.

Chapter 2: Relevance to Public Health: The Relevance to Public Health Section evaluates, interprets,
and assesses the significance of toxicity data to human health.

Chapter 3: Health Effects: Specific health effects of a given hazardous compound are reported by type
of health effect (death, systemic, immunologic, reproductive), by route of exposure, and by length
of exposure (acute, intermediate, and chronic). In addition, both human and animal studies are
reported in this section.

NOTE: Not all health effects reported in this section are necessarily observed in the clinical
setting. Please refer to the Public Health Statement to identify general health effects observed
following exposure.

Pediatrics: Four new sections have been added to each Toxicological Profile to address child health
i1Ssues:
Section 1.6 How Can (Chemical X) Affect Children?
Section 1.7 How Can Families Reduce the Risk of Exposure to (Chemical X)?
Section 3.7 Children’s Susceptibility
Section 6.6 Exposures of Children

Other Sections of Interest:
Section 3.8 Biomarkers of Exposure and Effect
Section 3.11 Methods for Reducing Toxic Effects

ATSDR Information Center
Phone: 1-800-CDC-INFO (800-232-4636) or 1-888-232-6348 (TTY) Fax: (770)488-4178
E-mail: cdcinfo@cdc.gov Internet. http://www.atsdr.cdc.gov

The following additional material can be ordered through the ATSDR Information Center:

Case Studies in Environmental Medicine: Taking an Exposure History—The importance of taking an
exposure history and how to conduct one are described, and an example of a thorough exposure
history is provided. Other case studies of interest include Reproductive and Developmental
Hazards; Skin Lesions and Environmental Exposures;, Cholinesterase-Inhibiting Pesticide
Toxicity; and numerous chemical-specific case studies.
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Managing Hazardous Materials Incidents is a three-volume set of recommendations for on-scene
(prehospital) and hospital medical management of patients exposed during a hazardous materials
incident. Volumes I and II are planning guides to assist first responders and hospital emergency
department personnel in planning for incidents that involve hazardous materials. Volume III—
Medical Management Guidelines for Acute Chemical Exposures—is a guide for health care
professionals treating patients exposed to hazardous materials.

Fact Sheets (ToxI"AQs) provide answers to frequently asked questions about toxic substances.

Other Agencies and Organizations

The National Center for Environmental Health (NCEH) focuses on preventing or controlling disease,
injury, and disability related to the interactions between people and their environment outside the
workplace. Contact: NCEH, Mailstop F-29, 4770 Buford Highway, NE, Atlanta,

GA 30341-3724 « Phone: 770-488-7000 « FAX: 770-488-7015.

The National Institute for Occupational Safety and Health (NIOSH) conducts research on occupational
diseases and injuries, responds to requests for assistance by investigating problems of health and
safety in the workplace, recommends standards to the Occupational Safety and Health
Administration (OSHA) and the Mine Safety and Health Administration (MSHA), and trains
professionals in occupational safety and health. Contact: NIOSH, 200 Independence Avenue,
SW, Washington, DC 20201 « Phone: 800-356-4674 or NIOSH Technical Information Branch,
Robert A. Taft Laboratory, Mailstop C-19, 4676 Columbia Parkway, Cincinnati, OH 45226-1998
* Phone: 800-35-NIOSH.

The National Institute of Environmental Health Sciences (NIEHS) is the principal federal agency for
biomedical research on the effects of chemical, physical, and biologic environmental agents on
human health and well-being. Contact: NIEHS, PO Box 12233, 104 T.W. Alexander Drive,
Research Triangle Park, NC 27709 « Phone: 919-541-3212.

Referrals

The Association of Occupational and Environmental Clinics (AOEC) has developed a network of clinics
in the United States to provide expertise in occupational and environmental issues. Contact:
AQEC, 1010 Vermont Avenue, NW, #513, Washington, DC 20005 « Phone: 202-347-4976
* FAX: 202-347-4950 » e-mail: AOEC@AOEC.ORG « Web Page: http://www.aoec.org/.

The American College of Occupational and Environmental Medicine (ACOEM) is an association of
physicians and other health care providers specializing in the field of occupational and
environmental medicine. Contact: ACOEM, 25 Northwest Point Boulevard, Suite 700, Elk
Grove Village, IL 60007-1030 « Phone: 847-818-1800 « FAX: 847-818-9266.
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THE PROFILE HAS UNDERGONE THE FOLLOWING ATSDR INTERNAL REVIEWS:

1. Health Effects Review. The Health Effects Review Committee examines the health effects
chapter of each profile for consistency and accuracy in interpreting health effects and classifying
end points.

2. Minimal Risk Level Review. The Minimal Risk Level Workgroup considers issues relevant to

substance-specific Minimal Risk Levels (MRLs), reviews the health effects database of each
profile, and makes recommendations for derivation of MRLs.

3. Data Needs Review. The Applied Toxicology Branch reviews data needs sections to assure
consistency across profiles and adherence to instructions in the Guidance.

4, Green Border Review. Green Border review assures the consistency with ATSDR policy.
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PEER REVIEW

A peer review panel was assembled for carbon monoxide. The panel consisted of the following members:

1. Laurence Fechter, Ph.D., Senior Carcer Research Scientist, Jerry Pettis Memorial Veterans
Medical Center, Loma Linda, California

2. Jerrold Leikin, M.D_, Director of Medical Toxicology, NorthShore University Health System —
OMEGA, Glenbrook Hospital, Glenview, Illinois

3. Stephen Thom, M.D ., Ph.D., Professor, Emergency Medicine, University of Pennsylvania,
Institute for Environmental Medicine, Philadelphia, Pennsylvania

These experts collectively have knowledge of carbon monoxide's physical and chemical properties,
toxicokinetics, key health end points, mechanisms of action, human and animal exposure, and
quantification of risk to humans. All reviewers were selected in conformity with the conditions for peer
review specified in Section 104(I)(13) of the Comprehensive Environmental Response, Compensation,
and Liability Act, as amended.

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the peer
reviewers' comments and determined which comments will be included in the profile. A listing of the
peer reviewers' comments not incorporated in the profile, with a brief explanation of the rationale for their
exclusion, exists as part of the administrative record for this compound.

The citation of the peer review panel should not be understood to imply its approval of the profile's final
content. The responsibility for the content of this profile lies with the ATSDR.
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CARBON MONOXIDE 1

1. PUBLIC HEALTH STATEMENT

This public health statement tells you about carbon monoxide and the effects of exposure to it.

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in the
nation. These sites are then placed on the National Priorities List (NPL) and are targeted for long-term
federal clean-up activities. Carbon monoxide has been found in at least 12 of the 1,699 current or former
NPL sites. Although the total number of NPL sites evaluated for this substance is not known, the
possibility exists that the number of sites at which carbon monoxide is found may increase in the future as
more sites are evaluated. This information is important because these sites may be sources of exposure

and exposure to this substance may be harmful.

When a substance is released either from a large area, such as an industrial plant, or from a container,
such as a drum or bottle, it enters the environment. Such a release does not always lead to exposure. You
can be exposed to a substance only when you come in contact with it. You may be exposed by breathing,

eating, or drinking the substance, or by skin contact.

If you are exposed to carbon monoxide, many factors will determine whether you will be harmed. These
factors include the dose (how much), the duration (how long), and how you come in contact with it. You
must also consider any other chemicals you are exposed to and your age, sex, diet, family traits, lifestyle,

pregnancy status, and state of health.

1.1 WHAT IS CARBON MONOXIDE?

Carbon monoxide is a gas Carbon monoxide is a colorless, nonirritating,
odorless, and tasteless gas. It is found in both
outdoor and indoor air.
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Sources of carbon monoxide in the
atmosphere

Industrial uses

Carbon monoxide is made when carbon in fuel
is not burned completely. Carbon monoxide is
produced from both human-made and natural
sources. The most important human-made
source of carbon monoxide arises from the
exhaust of automobiles.

Inside homes, improperly adjusted gas
appliances, furnaces, wood burning stoves, and
fireplaces are a potential source of carbon
monoxide (see Section 1.3).

Carbon monoxide can be used in industry to
synthesize many compounds such as acetic
anhydride, polycarbonates, acetic acid, and
polyketone.

1.2 WHAT HAPPENS TO CARBON MONOXIDE WHEN IT ENTERS THE ENVIRONMENT?

Converts to carbon dioxide

When carbon monoxide is released to the
environment, it enters the air and remains in the
atmosphere for an average of about 2 months.

Eventually, carbon monoxide reacts with other
compounds in the atmosphere and is converted
to carbon dioxide.

Microorganisms found in soil and water can
also convert carbon monoxide to carbon
dioxide.
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1.3 HOW MIGHT | BE EXPOSED TO CARBON MONOXIDE?

Sources of exposure

All people are exposed to carbon monoxide at
varying levels through inhalation of air. Places
and times of the day that have a lot of vehicular
traffic generally have higher levels of carbon
monoxide as compared to areas of low traffic.

You can be exposed to carbon monoxide from
cigarette smoke whether as a smoker or from
second-hand smoke.

You can be exposed to carbon monoxide by
using gas appliances or wood burning stoves
and fireplaces.

People are exposed to carbon monoxide inside
of vehicles.

1.4 HOW CAN CARBON MONOXIDE ENTER AND LEAVE MY BODY?

Carbon monoxide enters and leaves the
body

Carbon monoxide in the air rapidly enters all
parts of the body, including blood, brain, heart,
and muscles when you breathe.

The carbon monoxide in your body leaves the
body through your lungs, when you breathe out
(exhale), but there is a delay in eliminating
carbon monoxide.

It takes about a full day for carbon monoxide to
leave your body.

1.5 HOW CAN CARBON MONOXIDE AFFECT MY HEALTH?

This section looks at studies concerning potential health effects in animal and human studies.

Carbon monoxide can harm the heart, brain, |Breathing high levels of carbon monoxide can

and lungs

kill you.

Breathing lower levels of carbon monoxide can
permanently harm your heart and brain.

Carbon monoxide can be more harmful to you if
you have heart or lung disease.
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1.6 HOW CAN CARBON MONOXIDE AFFECT CHILDREN?

This section discusses potential health effects in humans from exposures during the period from

conception to maturity at 18 years of age.

Breathing carbon monoxide during
pregnancy can harm your unborn child

Breathing high levels of carbon monoxide can
lead to miscarriage.

Breathing lower levels of carbon monoxide
during pregnancy may harm the mental
development of your child.

1.7 HOW CAN FAMILIES REDUCE THE RISK OF EXPOSURE TO CARBON MONOXIDE?

Reduce indoor air levels of carbon
monoxide

The most dangerous levels of carbon monoxide
usually occur in indoor air. High levels occur as
a result of improperly installed or unvented
appliances that burn natural gasoline, kerosene,
or other fuels. These include stoves, furnaces,
heaters, and generators. Make sure that all of
your appliances are installed properly and have
periodic maintenance performed by
professional installers. Always follow the
manufacturer’'s recommendations on installing
and using these devices.

Make certain wood burning heaters and
fireplaces are properly vented.

Never use a gas-powered generator or burn
charcoal indoors, as this can quickly lead to
dangerous levels of carbon monoxide in your
home.

Do not use older portable propane heaters in
enclosed indoor settings, including campers
and tents, as dangerous levels of carbon
monoxide can build up. Look for portable
heaters that contain an oxygen depletion sensor
(ODS) and are safer to use when camping. If
oxygen levels start to fall, the sensor
automatically shuts down the heater before it
can produce dangerous levels of carbon
monoxide. Older generation heaters without an
ODS are intended for outdoor use only and
should not be used indoors.

Do not let your car idle for long periods of time
in your garage.
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Avoid tobacco smoke You can reduce your exposure to carbon
monoxide by avoiding smoke from cigarettes
and cigars since the sidestream smoke contains
carbon monoxide.

Install carbon monoxide detectors in your |Carbon monoxide detectors can be purchased

home at home remodeling or hardware stores. It is
important to understand that most smoke
detectors do not detect carbon monoxide, so
you should install carbon monoxide detectors in
your home as well as smoke detectors.

1.8 IS THERE A MEDICAL TEST TO DETERMINE WHETHER | HAVE BEEN EXPOSED TO
CARBON MONOXIDE?

Carbon monoxide exposure can be Medical devices called carbon monoxide-

measured with a blood test oximeters that are found in clinical laboratories
or hospitals can estimate the level of carbon
monoxide in blood by a simple test.

1.9 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO
PROTECT HUMAN HEALTH?

The federal government develops regulations and recommendations to protect public health. Regulations
can be enforced by law. The EPA, the Occupational Safety and Health Administration (OSHA), and the
Food and Drug Administration (FDA) are some federal agencies that develop regulations for toxic
substances. Recommendations provide valuable guidelines to protect public health, but cannot be
enforced by law. The Agency for Toxic Substances and Disease Registry (ATSDR) and the National
Institute for Occupational Safety and Health (NIOSH) are two federal organizations that develop

recommendations for toxic substances.

Regulations and recommendations can be expressed as “not-to-exceed” levels. These are levels of a toxic
substance in air, water, soil, or food that do not exceed a critical value. This critical value is usually based
on levels that affect animals; they are then adjusted to levels that will help protect humans. Sometimes
these not-to-exceed levels differ among federal organizations because they used different exposure times

(an 8-hour workday or a 24-hour day), different animal studies, or other factors.

Recommendations and regulations are also updated periodically as more information becomes available.

For the most current information, check with the federal agency or organization that provides it.
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Some regulations and recommendations for carbon monoxide include the following:

Levels in air set by EPA EPA established an environmental limit of
10 mg/m3 (9 ppmv) of carbon monoxide in air
averaged over 8 hours and not to be exceeded
more than once per year.

Levels in workplace air set by OSHA OSHA set a legal limit of 55 mg/m’ (50 ppmv)
for carbon monoxide in air averaged over an
8-hour work day.

1.10 WHERE CAN | GET MORE INFORMATION?

If you have any more questions or concemns, please contact your community or state health or

environmental quality department, or contact ATSDR at the address and phone number below.

ATSDR can also tell you the location of occupational and environmental health clinics. These clinics
specialize in recognizing, evaluating, and treating illnesses that result from exposure to hazardous

substances.

Toxicological profiles are also available on-line at www atsdr.cdc.gov and on CD-ROM. You may
request a copy of the ATSDR ToxProfilesTM CD-ROM by calling the toll-free information and technical
assistance number at 1-800-CDCINFO (1-800-232-4636), by e-mail at cdcinfo@cdc.gov, or by writing

to:

Agency for Toxic Substances and Disease Registry
Division of Toxicology and Environmental Medicine
1600 Clifton Road NE

Mailstop F-62

Atlanta, GA 30333

Fax: 1-770-488-4178

Organizations for-profit may request copies of final Toxicological Profiles from the following:

National Technical Information Service (NTIS)
5285 Port Royal Road

Springfield, VA 22161

Phone: 1-800-553-6847 or 1-703-605-6000
Web site: http://www ntis.gov/
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21 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO CARBON MONOXIDE IN
THE UNITED STATES

Carbon monoxide is a colorless, odorless, non-irritating, and tasteless gas that is ubiquitous in the
atmosphere. It arises from both natural and anthropogenic sources. It is produced as a primary pollutant
during the incomplete combustion of fossil fuels and biomass. Carbon monoxide is also produced
indirectly from the photochemical oxidation of methane and other volatile organic compounds (VOCs) in
the atmosphere. Vegetation can emit carbon monoxide directly into the atmosphere as a metabolic
byproduct, and the photooxidation of organic matter in surface waters (lakes, streams, rivers, oceans) and
soil surfaces also results in the formation of carbon monoxide. Volcanic activity is an additional natural
source of carbon monoxide in the atmosphere. Carbon monoxide is also produced endogenously in
humans during the normal catabolism of hemoglobin (Hb). The vast majority of anthropogenic carbon
monoxide emissions arise from gasoline-powered automobile usage, although the total amount of carbon
monoxide emitted to the environment from this source has declined significantly over the past several
decades due to the use of catalytic converters and other emission control devices that are standard
equipment on modern passenger vehicles. However, there are numerous additional sources of carbon
monoxide generation that while minor in terms of total tonnage released to the atmosphere, may have

significance with regard to generation of carboxyhemoglobin (COHb) in exposed individuals.

The annual average outdoor carbon monoxide concentrations are roughly 0.12 parts per million by
volume (ppmv) in the Northern Hemisphere and about 0.04 ppmv in the Southern Hemisphere. These
levels are variable throughout the course of the year, with seasonal maximum levels occurring during late
winter in both hemispheres and minimum levels being observed during late summer. Carbon monoxide
concentrations are reported to range from a minimum of about 0.03 ppmv during summer in the Southern
Hemisphere to about 0.20 ppmv at high latitudes in the Northern Hemisphere during winter. Urban
locations with high automobile usage or a high volume of stationary emission sources such as refineries
or power plants typically have greater atmospheric levels of carbon monoxide as compared to rural or
remote sites. Carbon monoxide levels in indoor air are strongly influenced by the presence of various
appliances and whether or not the occupants of the residence smoke tobacco products. Unvented
kerosene and gas space heaters; leaking chimneys and furnaces; back-drafting from furnaces, gas water
heaters, wood stoves, and fireplaces; gas stoves, generators and other gasoline-powered equipment;

automobile exhaust from attached garages; and tobacco smoke all contribute to indoor air levels of carbon
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monoxide. Average levels in homes without gas stoves vary from 0.5 to 5 ppmv. Levels near properly

adjusted gas stoves are often 5—15 ppmv and those near poorly adjusted stoves may be >30 ppmv.

Exposure of the general population to carbon monoxide occurs through inhalation of outdoor and indoor
air. Populations living in urban areas with heavy vehicular traffic or stationary sources such as petroleum
refineries, gas and coal burning power plants, petrochemical plants, and coke oven plants are more likely
to be exposed to higher levels of carbon monoxide from ambient outdoor air. Occupational exposure for
employees who work in these industries and other occupations that are subject to high levels of vehicular
exhaust (such as taxi cab drivers and toll booth workers) are also likely to be exposed to higher levels.
Industrial or in-home use of methylene chloride paint strippers in poorly ventilated areas can lead to high
levels of carbon monoxide in blood since carbon monoxide is a metabolic byproduct of methylene
chloride. Members of the public who smoke or work in smoke-filled environments such as restaurants,
bars, and casinos where smoking is allowed are also exposed to higher levels of carbon monoxide than
members of the population who do not smoke and are not frequently exposed to second-hand tobacco
smoke. Section 6.5 discusses exposures to the general population and occupational exposures in greater

detail.

2.2 SUMMARY OF HEALTH EFFECTS

Health effects associated with acute carbon monoxide poisoning have been extensively documented. In
the last decade, growing evidence has revealed endogenous carbon monoxide (produced from catabolism
of heme and other endogenous precursors) to be a cell signaling agent that contributes to the regulation of
numerous physiological systems, including brain and muscle oxygen storage and utilization (myoglobin,
neuroglobin), relaxation of vascular and extra-vascular smooth muscle, modulation of synaptic
neurotransmission, anti-inflammation, anti-apoptosis, anti-proliferation, and anti-thrombosis (see

Section 3.5.2, Mechanisms of Toxicity). Current toxicological and epidemiological research has focused
on examining health effects of low-level carbon monoxide exposures that do not result in overt carbon
monoxide poisoning and attempting to understand the connections between carbon monoxide toxicity and
carbon monoxide physiology. This research has revealed that the heart and cardiovascular system, and
brain and developing nervous system are particularly sensitive to carbon monoxide. These studies have
also shown that people with ongoing cardiovascular and/or respiratory disease may be particularly

vulnerable to carbon monoxide.
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Modes of Action of Carbon Monoxide. Carbon monoxide exerts effects on cell metabolism through
hypoxic and non-hypoxic modes of action. Both modes of action are thought to be largely (if not
entirely) the result of the ability of carbon monoxide to bind to heme and alter function and/or metabolism
of heme proteins. Formation of COHb decreases the O, carrying capacity of blood and impairs release of
O, from Hb for its utilization in tissues. Through similar mechanisms, carbon monoxide decreases O,
storage in muscle cells by binding to and displacing O, from myoglobin. Although all tissues are
vulnerable to carbon monoxide-induced hypoxic injury, those having the highest O, demand are

particularly vulnerable, including the brain and heart.

Most of the non-hypoxic mechanisms of action of carbon monoxide have been attributed to binding of
carbon monoxide to heme in proteins other than Hb. Notable targets of carbon monoxide include
components of several important physiological regulatory systems, including brain and muscle oxygen
storage and utilization (myoglobin, neuroglobin); nitric oxide cell signaling pathway (¢.g., nitric oxide
synthase, guanylyl cyclase); prostaglandin cell signaling pathway (cyclooxygenase, prostaglandin H
synthase); energy metabolism and mitochondrial respiration (cytochrome ¢ oxidase, cytochrome ¢,
NADPH oxidase); steroid and drug metabolism (cytochrome P450); cellular redox balance and reactive
oxygen species (catalase, peroxidases); and various transcription factors (¢.g., neuronal PAS domain

protein, NPAS?2).

Endogenous Carbon Monoxide. In addition to inhalation exposure to carbon monoxide in air, internal
exposures to carbon monoxide occur as a result of production of carbon monoxide from endogenous
precursors (e.g., heme degradation, auto-oxidation of phenols, photo-oxidation of organic compounds,
and lipid peroxidation of cell membrane lipids) and production of carbon monoxide from oxidative
metabolism of exogenous precursors (¢.g., carbon tetrachloride, dichloromethane and other
dihalomethanes). The latter two metabolic sources of carbon monoxide result in a carbon monoxide body
burden in the absence of exposure to exogenous carbon monoxide in air. Endogenous carbon monoxide
production rate has been estimated to be approximately 0.42 mL carbon monoxide STPD/hour, 0.006 mL
carbon monoxide/hour-kg body weight. However, numerous physiological and disease factors affect the
rate of endogenous production of carbon monoxide, including the menstrual cycle, pregnancy, diseases,
and stimuli that increase catabolism of Hb or other heme proteins, including hemolysis, hematomas,

hemolytic anemias, thalassemia, and Gilbert’s syndrome.

Growing evidence has revealed endogenous carbon monoxide to be a cell signaling agent that contributes

to the regulation of numerous physiological systems, including brain and muscle oxygen storage and
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utilization (myoglobin, neuroglobin), relaxation of vascular and extra-vascular smooth muscle,
modulation of synaptic neurotransmission, anti-inflammation, anti-apoptosis, anti-proliferation, and anti-
thrombosis. This has potentially important implications for the understanding of carbon monoxide
toxicology and dose-response relationships for the following reasons: (1) carbon monoxide modulation
of physiological processes may underlie some aspects of the toxicity of exogenous carbon monoxide;

(2) exogenous carbon monoxide may disrupt physiological regulation of those systems that are responsive
to endogenous carbon monoxide (e.g., vascular resistance); and (3) exposures to exogenous carbon
monoxide may affect carbon monoxide-mediated physiological responses at levels that approach those
resulting from endogenous production. One implication of this is that the dose threshold for effects of
exogenous carbon monoxide on carbon monoxide-modulated physiological systems may lie near or below

ambient air carbon monoxide concentrations.

Toxicokinetics. Inhaled carbon monoxide is rapidly and extensively absorbed into blood and distributes
throughout the body. The distribution of carbon monoxide in the body largely reflects the binding of
carbon monoxide to heme proteins (e.g., Hb, myoglobin). Measurements of total carbon monoxide
concentrations in tissues obtained from human autopsies showed the highest concentrations in blood,
spleen, lung, kidney, and skeletal muscle, with detectable levels also in brain and adipose tissue (Vreman
etal. 2006). Higher concentrations of carbon monoxide in blood, heart, skeletal muscle, and spleen
reflect the abundance of the major carbon monoxide binding proteins in these tissues. In blood, carbon
monoxide rapidly distributes into erythrocytes where is exists primarily as a complex with Hb (COHb).
Carbon monoxide in muscle exists primarily as a complex with myoglobin (COMb). Carbon monoxide
in the maternal system distributes to fetal tissues where it binds to fetal Hb and other heme proteins.
Steady-state fetal blood COHb concentrations are approximately 10-15% higher than maternal blood
(fetal/maternal ratio=1.1-1.25) and fetal blood COHDb climination kinetics are slower than maternal (Hill

ctal. 1977; Longo 1977). Carbon monoxide binding to fetal Hb is analogously similar to maternal Hb.

Absorbed carbon monoxide is eliminated from the body by exhalation and oxidative metabolism.
Oxidative metabolism of carbon monoxide has been estimated to be a relatively small fraction (<10%) of
endogenous carbon monoxide elimination. Under most conditions, the dominant route of elimination of
absorbed carbon monoxide is exhalation. The decline in blood %COHb following cessation of an
inhalation exposure to carbon monoxide exhibits at least two kinetic phases. The fast phase is thought to
reflect a combination of exhalation of carbon monoxide along with slower distribution of blood carbon
monoxide to tissues that continues after cessation of exposure. The elimination half-time for the slow

phase is approximately 100-300 minutes. The carbon monoxide elimination half-time increases with age,
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with the most pronounced increase occurring from age 2 to 20 years and is marginally longer in males
compared to females. Exercise decreases carbon monoxide elimination half-time, although exercise and

the increase in respiration would lead to increased CO exposure, if CO is still present in inspired air.

The importance of COHb as a potential biomarker of carbon monoxide exposure and hypoxia,
particularly at low levels of exposure, has led to the development of a physiologically-based mechanistic
model of carbon monoxide kinetics for predicting relationships between exposure and blood COHb
levels. The model that has received the greatest attention and use in risk assessment and in clinical
medicing is the Coburn-Forster-Kane (CFK) model. This model can be used to predict steady-state blood
COHBD levels that correspond to a given continuous inhalation exposure to carbon monoxide in a typical
adult. The CFK model has been used to support discussions of the health effects of carbon monoxide in
this Toxicological Profile, by providing a means for interconverting carbon monoxide exposure levels
expressed in units of ppm or mg/m’ and corresponding equivalent steady-state COHb% values (i.c., the
COHb% that would be achieved with continuous exposure to the reported air carbon monoxide
concentration). Predicted steady-state blood COHb levels corresponding to a range of carbon monoxide
exposure concentrations are presented in the introduction to Section 3.2 (Table 3-1). Several other

toxicokinetics models are described in Section 3.4.5.

Acute Carbon Monoxide Poisoning. Carbon monoxide poisoning is one of leading causes of morbidity
and mortality due to poisoning in the United States. The principal mechanism of many adverse effects of
carbon monoxide exposure is COHb-induced tissue hypoxia; thus, tissues with high oxygen requirements
(e.g., brain, heart) are the most sensitive to carbon monoxide-induced hypoxia. However, other non-
hypoxic mechanisms (e.g., binding of carbon monoxide to other heme proteins, such as myoglobin and
cytochrome ¢ oxidase) and alterations in biological and physiological functions of endogenous carbon

monoxide, likely contribute to the adverse effects of acute carbon monoxide poisoning.

The extent of injury from acute carbon monoxide exposure depends upon the concentration and duration
of exposure and the underlying health status of the exposed individual. The most commonly reported
signs and symptoms associated with acute carbon monoxide poisoning are due to effects on the central
nervous system and the cardiovascular system; however, because carbon monoxide exposure has the
potential to affect nearly all tissues, the clinical presentation of acute carbon monoxide poisoning includes
a wide range of symptoms. The severity of carbon monoxide poisoning is typically categorized as mild,
moderate, or severe, based on clinical presentation. Signs and symptoms of mild carbon monoxide

poisoning include headache, nausea, vomiting, dizziness, and blurred vision; headache and dizziness are
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the most commonly reported symptoms. Because these symptoms mimic flu-like viral illnesses, mild
carbon monoxide poisoning can ¢asily be misdiagnosed. Symptoms associated with moderate carbon
monoxide poisoning may include confusion, syncope, chest pain, dyspnea, weakness, tachycardia,
tachypnea, and rhabdomyolysis. Effects of severe poisoning may be life-threatening, including cardiac
arrhythmias, myocardial ischemia, cardiac arrest, hypotension, respiratory arrest, noncardiogenic
pulmonary edema, seizures, and coma. In addition to the immediate-onset effects of exposure, delayed-
onset development of neuropsychiatric impairment typically occurs from several days to approximately
3—4 weeks of exposure, with symptoms including inappropriate euphoria, impaired judgment, poor
concentration, memory loss, cognitive and personality changes, psychosis, and Parkinsonism. Acute
carbon monoxide poisoning during pregnancy has been associated with spontaneous abortion and fetal

death; pregnancy outcome is likely to be dependent upon the severity of maternal poisoning and fetal age.

The relationship between the severity of clinical signs and symptoms of acute carbon monoxide poisoning
and COHBD levels is not well correlated. The poor correlation may be due to the length of time elapsed
between cessation of exposure and measurement of COHb levels or to effects of supplemental oxygen
treatment prior to COHb measurement. Generally, in healthy individuals, mild carbon monoxide
poisoning that requires medical intervention are associated with COHb levels >20%. Fatalities due to
carbon monoxide poisoning have been reported for a wide range of COHD levels (3-70%). Levels of

COHb >50% are frequently fatal.

Primary Targets of Low-level Carbon Monoxide Exposure. The primary targets of low-level exposures
to carbon monoxide (i.c., those that result in blood COHb levels <20%) appear to include the heart and
cardiovascular system, central nervous system, and the fetus and neonate. Adverse effects in the
respiratory tract have also been observed in human clinical studies and in animal studies at higher
exposures than those associated with effects on the cardiovascular system, central nervous system, and on
development. A large body of epidemiologic studies also has provided evidence that ambient levels of
carbon monoxide in air may contribute to respiratory morbidity and aggravation of ongoing respiratory
disease (e.g., asthma; see Table 3-3). Epidemiologic studies have also examined possible associations
between ambient air carbon monoxide concentrations and hematologic biomarkers of coagulation and
inflammation. Although some studies have found significant associations, collectively, findings from

these studies are inconclusive.

Cardiovascular System. Cardiovascular effects of inhalation exposures to carbon monoxide have

been evaluated in controlled human clinical studies, epidemiology studies, and in various animal models
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(monkeys, dogs, rats, and rabbits). In general, these studies provide convincing evidence for adverse
cardiovascular effects in association with carbon monoxide exposures that result in blood COHb levels of
>2.4%, with effects occurring at the lowest levels in subjects who have compromised cardiovascular

function (¢.g., coronary artery disease).

Results of controlled clinical studies in patients with coronary artery disease show that acute-duration
exposure to carbon monoxide at levels producing blood COHb levels between 2.4 and 5.9% exacerbates
underlying cardiovascular disease, including enhanced myocardial ischemia and increased cardiac
arrhythmias. In patients with exertional angina, carbon monoxide exposure exacerbated exercise-induced
myocardial ischemia, including decreased time-to-onset of angina symptoms, increased duration of
angina symptoms, decreased time-to-onset of ST-segment depression (EKG change indicative of
myocardial ischemia), and decreased left ventricular ejection fraction. At the lowest blood COHb level
evaluated in patients (i.c., COHb 2.4%), time-to-onset of angina symptoms and of ST-segment depression

were significantly decreased by 4.2 and 5.1%, respectively.

Epidemiological studies of exposure to carbon monoxide and cardiovascular outcomes have yielded
mixed results. In general, the weight of evidence suggests that risks of certain specific outcomes
(hospitalizations and emergency room visits related to congestive heart failure, ischemic heart disease,
myocardial infarction, and stroke) are associated with increasing ambient carbon monoxide
concentrations. The interpretation of these associations is complicated by the possibility that ambient air
carbon monoxide levels may be a surrogate measure for air pollution in general. However, the
corroborated observations of associations between carbon monoxide exposure and outcomes related to
ischemic heart disease is particularly provocative in the context of results of human clinical studies in
which carbon monoxide-induced hypoxia exacerbated ischemia symptoms in patients with coronary
artery disease. Mean ambient air carbon monoxide concentrations reported in studies that have found
carbon monoxide-associated adverse cardiovascular outcomes have ranged from 0.5 to 10 ppm, with
maximum values ranging from 2 to 50 ppm. These values correspond to approximate steady-state blood

COHD levels of <2% for the mean, and <10% for the maximum.

Studies in animals have investigated adverse cardiovascular effects of carbon monoxide exposure over a
much wider range of exposure conditions (e.g., exposure concentration and duration) and have evaluated
additional outcome measures that are not possible to assess in humans. These studies provide further
evidence of adverse cardiovascular effects of carbon monoxide exposure, including compensatory

alterations in hemodynamics, cardiac hypertrophy, cardiac arrhythmias, and possibly atherosclerosis.
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Based on studies described above, a blood COHb concentration of 2.4% 1s identified as lowest-observed-
adverse-cffect level (LOAEL) for adverse cardiovascular outcomes in coronary artery disease patients. A
no-observed-adverse-effect level (NOAEL) for this effect was not identified. The LOAEL for COHb can
be converted to an equivalent human exposure concentration (for continuous exposure) that would yield
the same steady-state blood COHb concentration (2.4%) by implementing the CFK model. The human

equivalent exposure concentration is approximately 14 ppm.

Developmental Effects. Epidemiological studies have examined possible associations between
exposure to ambient air carbon monoxide concentrations and various developmental outcomes, including
pre-term birth, birth weight, congenital anomalies, and neonatal and infant death. Results of these studies
have been mixed and, collectively do not provide strong evidence for developmental effects in association
with exposures to ambient levels of carbon monoxide. In general, these studies have examined relatively
low air carbon monoxide concentrations, typical of ambient levels (e.g., mean concentrations ranging
from 0.5 to 3 ppm, with highest reported values <10 ppm). The air carbon monoxide measurements do
not necessarily represent exposures that occurred during gestation or during any particular period of

gestation.

Numerous studies on developmental effects of gestational and early postnatal exposure to carbon
monoxide have been conducted in animals. In general, most studies evaluated effects of relatively low
carbon monoxide concentrations (i.¢., <300 ppm), with exposure concentrations selected to produce
maternal COHD levels typically associated with smoking (5-10%); however, studies did not consistently
report maternal or fetal COHb levels. Studies in animals have examined effects of carbon monoxide
exposure on numerous developmental outcomes, including several outcomes that have not been assessed
in epidemiological studies (¢.g., auditory and immune system development). Results of animal studies
show adverse developmental effects of gestational and early postnatal carbon monoxide exposure,
including decreased fetal weight, adverse central nervous system development, altered peripheral nervous
system development, cardiac effects, altered sexual behavior, immunological effects, and hematological
effects. In addition, some studies showed that developmental effects persisted beyond the postnatal
period, although persistence of effects was not examined in all studies. The lowest LOAEL values for
developmental effects were obtained in studies evaluating effects of carbon monoxide on the developing
auditory system (i.e., LOAEL 12-25 ppm carbon monoxide); however, since other developmental
outcomes were not assessed at this range of low carbon monoxide concentrations, it is not possible to

determine if the developing auditory system is more sensitive to carbon monoxide exposure than other
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systems. Gestational and/or early postnatal exposure of rats to 25 ppm carbon monoxide produced
morphological changes in the developing auditory system, including swelling, cytoplasmic vacuolization
and atrophy of nerve terminals innervating inner hair cells, “distorted myelin” with vacuolization in the
8th cranial nerve at the level of the internal auditory canal, decreased immunoreactivity of the enzymes
cytochrome oxidase, NADH-TR, and calcium-mediated myosin ATPase, and decreased immunostaining
of neurofilament and myelin basic protein in the organ of corti. Exposure of rat pups during the early
postnatal period decreased action potential amplitude of the 8th cranial nerve at >12 ppm carbon
monoxide and decreased in otoacoustic emissions at >50 ppm carbon monoxide, with effects on action

potential amplitude of the 8th nerve persisting through age 73 days.

Based on studies described above, a maternal exposure concentration of 12 ppm is identified as a LOAEL
for adverse neurodevelopmental outcomes in rats. This LOAEL can be converted to an equivalent blood
COHBD level in the rat by implementation of the CFK model, as adapted for the rat. The time-averaged
blood COHb level predicted for the 16-day exposure (22 hours/day) is 1.8%. The equivalent human
exposure concentration (for continuous exposure) that would yield the same steady-state blood COHb

concentration (1.82%) is approximately 10 ppm

Central Nervous System. As previously noted, acute exposure to high levels of carbon monoxide
produces symptoms of central nervous system toxicity, including headache, dizziness, drowsiness,
weakness, nausea, vomiting, confusion, disorientation, irritability, visual disturbances, convulsions, and
coma. Lesions of the basal ganglia (primarily of the globus pallidus) and white matter have also been
observed in magnetic resonance imaging (MRI) and computed tomography (CT) scans in association with
acute carbon monoxide poisoning. Motor impairments consistent with damage to basal ganglia have been
observed following carbon monoxide poisoning. Following acute-onset effects, delayed development of
neuropsychiatric impairment may occur from several days to 3—4 weeks of exposure, with symptoms
including inappropriate euphoria, impaired judgment, poor concentration, memory loss, cognitive and
personality changes, psychosis, and Parkinsonism. Delayed neuropsychiatric impairment has been
estimated to occur in up to 68% of patients with acute carbon monoxide poisoning. There is a poor
correlation between initial symptom severity and the likelihood of developing of delayed neuropsychiatric

impairment has not been established.
Based on an extensive database of acute carbon monoxide poisoning, it is generally accepted that central

nervous system symptoms are associated with acute exposures that result in blood COHb levels >20%.

However, despite extensive clinical experience, general consensus on the dose-response relationship for
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carbon monoxide-induced nervous system effects at blood COHb levels between 5 and 20% has not been

achieved.

Based on studies described above, a blood COHb concentration of 20% is identified as a LOAEL for
adverse neurological outcomes, although the LOAEL range may extend below this level to 5%. These
levels, 5 and 20%, can be converted to equivalent human exposure concentrations (for continuous
exposure) that would yield the same steady-state blood COHb concentration by implementing the CFK
model. The human equivalent exposure concentrations are approximately 32 ppm (COHb=5%) and

160 ppm (COHb=20%).

Respiratory Effects. Although cardiopulmonary arrest is an end point of fatal carbon monoxide
poisoning, results of controlled clinical studies in healthy subjects indicate that the respiratory tract does
not appear to be a primary target organ for carbon monoxide toxicity. Brief exposure to carbon monoxide
at levels >1,000 ppm may decrease ventilatory performance, although conflicting results have been
reported. Epidemiological studies have examined possible associations between ambient air carbon
monoxide concentrations and mortality. These studies have examined relatively low carbon monoxide
concentrations (from a toxicological perspective) that are typical of ambient conditions of study period
(mean concentrations ranging from 0.3 to 10 ppm with the highest values <30 ppm). Collectively, these
studies have yielded mixed results, with some studies finding significant associations between increasing
ambient air carbon monoxide concentrations and respiratory outcomes (€.g., exacerbation of asthma
symptoms, hospitalizations and emergency room visits related to asthma), and few studies finding
associations that persist after accounting for exposures to other air pollutants that also have been shown to
contribute to respiratory disease risk (e.g., NO,, Os, particulate matter, and SO,). The lack of strong
evidence for associations between ambient air carbon monoxide concentrations at <30 ppm and
pulmonary function is also consistent with the results of human clinical studies. Studies conducted in
animals provide supporting evidence that the respiratory tract does not appear to be a primary target organ
for carbon monoxide. Most of these studies evaluated carbon monoxide exposures that produced much
higher COHb concentrations (i.e., COHb >50%) than those evaluated in controlled clinical studies in

humans.

Hematological Effects. Hematological effects of carbon monoxide include compensatory responses
to tissue hypoxia resulting from binding of carbon monoxide to Hb (e.g., increased blood volume, Hb,
hematocrit, and erythrocyte count and volume). Possible associations between ambient air carbon

monoxide concentrations and biomarkers of coagulation and inflammation have been examined in
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epidemiological studies. Biomarkers examined have included inflammation markers, CRP, serum
amyloid A (SAA), and white blood cell count (WBC); cell adhesion markers, E-selectin, von Willebrand
factor, antigen (vWF), ICAM-1; and coagulation markers, fibrinogen, factor VII (FVII), prothrombin
fragment 1+2, prothrombin time (PT), and activated partial thromboplastin time (APTT). Although some
studies have found significant associations between environmental carbon monoxide exposures and
alteration in plasma proteins, these studies do not distinguish between possible direct effects of carbon
monoxide and/or other air pollutants directly on coagulation and immune systems from indirect effects
that result in changes in blood biomarkers. Furthermore, findings across studies are inconsistent.
Environmental carbon monoxide exposures were shown to correlate with elevated C reactive protein in
ong trial, but not another by the same group. Plasma fibrinogen was increased in one study, decreased in
one study, and unchanged in two studies. Other studies have reported an elevation in soluble intercellular
adhesion molecule-1, along with decreases in factor VII, serum albumin, and prothrombin time.
Therefore, no conclusions can be drawn at this time on whether low-level environmental exposures may
alter plasma inflammatory or coagulation markers. Nevertheless, direct effects are plausible, given
mechanistic studies that have revealed evidence that endogenous carbon monoxide may participate in the

regulation of thrombosis and immune function (see Section 3.5.2, Mechanisms of Toxicity).

2.3 CARBON MONOXIDE DOSE-RESPONSE RELATIONSHIPS

Epidemiological and clinical studies provide evidence for a progression of some of the adverse health
effects of carbon monoxide in humans with increasing blood levels of COHb (Figure 2-1). The
relationship shown in Figure 2-1 does not necessarily mean that these effects result directly from
formation of COHb at the expense of decreasing O,Hb levels in blood (i.e., hypoxic mechanisms). Other
important mechanisms, previously mentioned and described in greater detail in Section 3.5.2,
(Mechanisms of Toxicity), may also contribute to these effects. COHb may serve as a biomarker for
carbon monoxide body burden or carbon monoxide burdens in specific target tissues where nonhypoxic

modes of actions of carbon monoxide exert effects.

An alternative presentation of the relationship between blood COHD levels and adverse health effects is

provided in Table 2-1. This table shows the predicted relationship between blood COHDb levels that
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Figure 2-1. Blood Carboxyhemoglogin Levels Corresponding to Adverse Health
Effects of Carbon Monoxide in Humans

COHb %
High risk of death
Acute and delayed onset
neurological impairmentand
— 40 pathology
— 20 -
Neurobehavioral/
cognitive effects 10
Decreases exercise stamina
in healthy adults
— 5

Cardiac arrhythmia in coronary
artery disease patients

Typical level

uJ |

Endogenous production
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Table 2-1. Blood Carboxyhemoglobin Levels Corresponding to Adverse Health
Effects of Carbon Monoxide

COHb® Exposure®

Effect (Percent) (ppm)
Endogenous production <0.5 0
Typical level in nonsmoker 0.5-1.5 1-8
Increased risk of arrhythmias in coronary artery disease patients and 0.3-2° 0.5-10°
exacerbation of asthma (epidemiological studies)

Neurodevelopmental effects on the auditory system in rats 2-4° 12-25°
Enhanced myocardial ischemia and increased cardiac arrhythmias in coronary 2.4-6 14-40
artery disease patients

Decreased exercise stamina in healthy adults 5-8 30-50
Neurobehavioral/cognitive changes, including visual and auditory sensory effects  5-20 30-160

(decreased visual tracking, visual and auditory vigilance, visual perception), fine

and sensorimotor performance, cognitive effects (altered time discrimination,

learning, attention level, driving performance), and brain electrical activity

Acute and delayed onset of neurological impairment (headache, dizziness, 20-60 160-1000
drowsiness, weakness, nausea, vomiting, confusion, disorientation, irritability,

visual disturbances, convulsions, and coma), and pathology (basal ganglia

legions)

High risk of death >50 >600

“Reported value, unless otherwise denoted as predicted.

®Predicted from the Coburn-Forster-Kane (CFK) model (unless otherwise denoted as reported), with a rate of
endogenous carbon monoxide production assigned a value of 0.006 mL CO/kg body weight and all other parameter
values as noted in Table 3-13.
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roughly correspond to adverse health effects and their corresponding equivalent human exposure
concentrations (HEC) that would result in the same-steady state blood COHb level. For example, in
Table 2-1, a continuous exposure to approximately 14 ppm for a period exceeding 16 hours (i.c.,
sufficient to achieve steady state) would be expected to result in a blood COHb level of approximately
2.4%, the lower end of the range for cardiac effects in coronary artery disease patients. All predictions
shown in Table 2-1 are based on the CKF model, described in Section 3.4.5 (Physiologically Based

Pharmacokinetic/Pharmacodynamic Models).

2.4 MINIMAL RISK LEVELS (MRLs)

Given the above considerations, MRLs for carbon monoxide are not proposed at this time. The rationale

for this determination is as follows:

(1) Growing evidence suggests that endogenous carbon monoxide production is physiologically
regulated and plays a role in regulating various important physiological processes, including
processes that may underlie adverse effects on the cardiovascular system, immune system, blood
coagulation system, and nervous system that have been observed in human clinical studies,
epidemiological studies, and animal studies.

(2) Given the physiological role of endogenous carbon monoxide, it is likely that an exposure
threshold for carbon monoxide actions, if one exists at all, would be at or near the endogenous
production rate. Therefore, any exogenous source of carbon monoxide exposure would have the
potential for exceeding the threshold and producing potentially adverse effects.

(3) Although there may be an exposure level that can be tolerated with minimal risk of adverse
effects, the currently available toxicological and epidemiological data do not identify such
minimal risk levels. Experimental clinical studies and animal toxicology studies that identify the
lowest LOAELSs do not identify NOAELs. These LOAELSs are relatively low: COHb 2.4% for
cardiovascular effects in humans, exposure concentrations of >12 ppm in rats for developmental
effects. Converting these to human equivalent exposure concentrations (i.€., levels of continuous
exposure that would result in steady-state COHb concentration in blood estimated from the CFK
model) yield corresponding LOAELSs of 14 and 10 ppm, respectively. Application of appropriate
uncertainty factors to these LOAELSs (¢.g., for extrapolation from a LOAEL, for extrapolation
from animals to humans, and for extrapolation to sensitive subpopulations), would result in
MRLs that are 30—-100 times lower than the corresponding LOAELSs (e.g., approximately 0.1-
0.5 ppm). These values are within the range of ambient carbon monoxide concentrations in the
United States and would result, even for acute (¢.g., 14-day) exposures, in internal doses that
would be similar to endogenous production of carbon monoxide.

(4) Any exposure level determined to be of minimal risk at sea level would not necessarily be of
minimal risk at higher altitudes (i.c., at lower O, partial pressures). This would apply, in
particular, to modes of actions of carbon monoxide that involve competition between carbon
monoxide and O, for heme binding sites. The latter would include hypoxic mechanisms of
actions that appear to underlie adverse cardiovascular effects of carbon monoxide (¢.g.,
exacerbation of exercise induced arrhythmias in patients who have coronary artery disease).
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3.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and
other interested individuals and groups with an overall perspective on the toxicology of carbon monoxide.
It contains descriptions and evaluations of toxicological studies and epidemiological investigations and

provides conclusions, where possible, on the relevance of toxicity and toxicokinetic data to public health.

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile.

Focus of the Health Effects Review. The literature on the toxicology of carbon monoxide is immense.
Relatively recent reviews of the literature have been prepared by various organizations, including WHO
(1999). EPA (2000, 2009¢g) and numerous reviews have been compiled on the clinical toxicology and
management of acute carbon monoxide poisoning. The review of the literature provided in this section is
not intended to be comprehensive; rather, it is focused on the more important, recent developments in the
toxicological and epidemiological assessment of carbon monoxide. Studies that have potential relevance
to understanding the lower end of the dose-response relationship for carbon monoxide are emphasized.
Typically, dose-response information is presented in Toxicological Profiles in Levels of Significant
Exposure (LSE) tables and figures. However, this information on carbon monoxide has been represented
in various types of units (e.g., exposure concentration, blood COHD), and end points are not easily
assigned into categories of no-observed-adverse-effect-level (NOAEL) or lowest-observed-adverse-
effect-level (LOAEL) (e.g., odds ratio from epidemiological studies). Therefore, in place of an LSE
table, Table 3-1 provides an overview of exposures (ppm) and blood COHb levels (%) that have been
associated with specific categories of health effects. Table 3-2 can be used to convert the reported
ambient air carbon monoxide concentrations into equivalent predicted blood COHb levels. However,
considerable uncertainty attends to these dose interconversions as well as their relevance to a particular
outcome. Predicted COHDb levels and corresponding exposure concentrations may have greater relevance
to outcomes mediated through hypoxic mechanisms than to those mediated through nonhypoxic
mechanisms. Furthermore, steady-state requires exposure durations of approximately 16-24 hours.
Exposures to lower levels of carbon monoxide for longer durations and exposures to higher levels for

shorter durations that achieve similar blood COHb levels may not yield equivalent responses.

The discussion of health effects has been limited to the inhalation exposure pathway. Carbon monoxide

exists in the environment as a gas (Henry’s law constant >50,000 atm/mol fraction, 25 °C). As a result,
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Table 3-1. Carbon Monoxide Exposures and Carboxyhemoglobin Levels Associated with Health Effects from Selected
Studies Representing the Lowest Adverse Effect Levels

Exposure COHb

Study type Subjects (ppm) (%) Effect Comments Reference
Respiratory
Epidemiological Asthmatic children 0.3-2 NR  Asthma Exacerbation of asthma. Associations Park et al. 2005a;
confounded by co-exposure to other  Rabinovitch et al. 2004;
air pollutants (NO,, O3, PM;o, PM, 5, Rodriguez et al. 2007,
SO,). Schildcrout et al. 2006;
Silkoff et al. 2005;
Slaughter et al. 2003;
von Klot et al. 2002; Yu
et al. 2000
Cardiovascular
Clinical (acute Coronary artery 117 2.4% Myocardial ischemia Decreased time-to-onset of angina and Allred et al. 1989, 1991
exposure) disease patients (1 hour) arrhythmia (ST-segment changes)
(63 male adult during exercise.
nonsmokers)
Clinical (acute Healthy adults NR 5.1% Performance Decreased maximal exercise duration Adir et al. 1999
exposure) (15 male adult and effort. No effect on heart rate or
nonsmokers) rhythm, cardiac perfusion, or blood
pressure.
Epidemiological General public 0.3-2 NR  Cardiovascular disease Increased risk of congestive heart Berger et al. 2006;
failure, ischemic heart disease, D’Ippoliti et al. 2003;
myocardial infarction, and stroke. Hosseinpoor et al. 2005;
Effect size more pronounced in elderly Lanki et al. 2006; Lee et
and people with ongoing respiratory or al. 2003b; Mann et al.
cardiovascular disease. Associations 2002; Szyszkowicz 2007,
confounded by co-exposure to other  von Klot et al. 2005
air pollutants (NO,, O3, PM,g, PM; 5,
SOy).
Animal study, Rats 200 NR Cardiomegaly Left and right ventricle weights Serhaug et al. 2006
chronic exposure (20 hour/ increased by 20% (p<0.001) and 14%
day, 72 (p<0.001).
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Table 3-1. Carbon Monoxide Exposures and Carboxyhemoglobin Levels Associated with Health Effects from Selected
Studies Representing the Lowest Adverse Effect Levels

Exposure COHb
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Study type Subjects (ppm) (%) Effect Comments Reference
week)
Neurological
Clinical, acute Healthy adults NR 5-20 Neurobehavioral/cognitive Visual and auditory sensory effects Beningnus et al. 1994
exposure changes. (decreased visual tracking, visual and

auditory vigilance, visual perception),
fine and sensorimotor performance,
cognitive effects (altered time
discrimination, learning, attention level,
driving performance), and brain

electrical activity.

Clinical, acute Carbon monoxide- NR 40-60 Neurological impairment Acute and delayed onset neurological Chambers et al. 2008;

exposure poisoning and pathology impairment (headache, dizziness, Dolan 1985; Ernst and
drowsiness, weakness, nausea, Zibrak 1998; Hopkins et
vomiting, confusion, disorientation, al. 2006; Kao and
irritability, visual disturbances, Nafiagas 2006; Lo et al.
convulsions, and coma) and pathology 2007; Parkinson et al.
(basal ganglia legions). 2002; Raub and

Benignus 2002
Animal study, Rat 500-1,500 Neurosensory impairment Potentiates noise-induced hearing Chen and Fechter 1999;
acute exposure loss, including noise-induced elevation Fechter et al. 1988;

of compound action potential threshold Young et al. 1987
and auditory threshold shifts
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Table 3-1. Carbon Monoxide Exposures and Carboxyhemoglobin Levels Associated with Health Effects from Selected
Studies Representing the Lowest Adverse Effect Levels

Exposure COHb

Study type Subjects (ppm) (%) Effect Comments Reference
Developmental
Animal study, Neonatal rat 12-25 NR Neurosensory Morphological changes in the Lopez et al. 2003, 2008;
acute exposure  (exposed post development developing auditory system, decreased Stockard-Sullivan et
utero) 8" cranial nerve action potentials and al.2003; Webber et al.
otoacoustic emissions in pups, which 2003
persisted to age 73 days
Animal study, Neonatal rats or 60-150 Neurosensory/ Decreased motor activity and response De Salvia et al. 1995;
acute exposure  mice (exposed in neurobehavioral to stimulation, impaired righting Fechter and Annau 1977,

utero)

development

reflexes, and impaired homing and
memory acquisition behaviors.

1980; Giustino et al.
1999; Mactutus and
Fechter 1985; Singh
1986

COHb = blood carboxyhemoglobin; NR = not reported
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Table 3-2. Predicted Steady-State Blood Carboxyhemoglobin (COHb) Levels®

Carbon monoxide exposure concentration (ppm) Steady-state blood COHb (percent)
0.1 0.25
0.5 0.32
1 0.39
2 0.50
5 1.0
10 1.8
15 25
20 3.2
40 6.1
60 8.7
80 11
100 14
200 24
400 38
600 438
800 56
1,000 61

®Blood COHDb levels are predicted from the Coburn-Forster-Kane (CFK) model (see Section 3.5.4 for a discussion of
model and parameter values).
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humans can be exposed to carbon monoxide from breathing and/or contact with carbon monoxide in air.
No information is available on the dermal absorption or toxicity of carbon monoxide resulting from
exposures to gaseous carbon monoxide. However, as is the case for other gases that are avidly absorbed
from the lung (e.g., O,), during exposure to carbon monoxide in air, dermal absorption of carbon
monoxide through intact skin would be expected to make a minor contribution to absorbed carbon
monoxide, relative to inhalation. No information is available on the absorption or toxicity of carbon
monoxide resulting from oral exposures to gaseous carbon monoxide. Although carbon monoxide can
dissolve in water (23 mL carbon monoxide/L water, 20 °C), appreciable concentrations in drinking water
would occur only at very high partial pressures of carbon monoxide in air, conditions in which inhalation
would be the dominant absorption pathway. Therefore, the only relevant pathway of exposure to humans

is the inhalation pathway, and oral and dermal exposures are not considered further.

3.2 DISCUSSION OF HEALTH EFFECTS

This section of the Toxicological Profile summarizes results obtained from clinical cases of carbon
monoxide poisoning, studies of controlled exposures conducted in humans, epidemiological studies of
health outcomes associated with ambient air carbon monoxide concentrations, and experimental studies
conducted in various animal models. Reported clinical studies are limited to exposures of acute duration.
Animal studies have examined longer-duration exposures. Epidemiological studies have examined
outcomes in the context of chronic exposures, or acute variations in exposure concentrations that occur
during chronic exposures. Some studies (e.g., clinical studies) have reported carbon monoxide doses in
terms of blood COHb levels, while most epidemiological studies and some animal studies have reported
exposures concentrations (e.g., ppm, mg/m’). For comparability to human clinical studies, reported air
carbon monoxide concentrations can be converted to corresponding equivalent steady-state COHb%
values (i.c., the COHb% that would be achieved with continuous exposure to the reported air carbon
monoxide concentration) model. This conversion has been made by application of the CFK model (see
Section 3.4.5). Predicted steady-state blood COHb levels corresponding to a range of carbon monoxide
exposure concentrations are presented in Table 3-2. This table can be used to convert the reported
ambient air carbon monoxide concentrations into equivalent predicted blood COHb levels. Exposure
concentrations are typically reported in units of ppm or mg/m’; in the Toxicological Profile, exposure
units are presented in units of ppm. At standard temperature and pressure (e.g., 25 °C, 760 Torr), the

conversion factor is approximately 1 (i.e., 1 mg/m’ = 0.87 ppm).
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Overview of Acute Carbon Monoxide Toxicity and Modes of Action. Carbon monoxide exerts effects on
cell metabolism through both hypoxic and non-hypoxic mechanisms. Both types of effects are thought to
be largely (but not entirely) the result of the ability of carbon monoxide to bind to heme and alter function
and/or metabolism of heme proteins. Formation of COHb decreases the O, carrying capacity of blood
and impairs release of O, from Hb for its utilization in tissues. Through similar mechanisms, carbon
monoxide decreases O, storage in muscle cells by binding to and displacing O, from myoglobin.
Although all tissues are vulnerable to carbon monoxide-induced hypoxic injury, those having the highest
O, demand are particularly vulnerable, including the brain and heart. The developing fetus may also be a
sensitive target of carbon monoxide, through hypoxic and/or non-hypoxic mechanisms (Carratu et al.
1993, 2000a, 2000b; De Salvia et al. 1995; Lopez et al. 2003, 2008; Stockard-Sullivan et al. 2003;
Webber et al. 2003). Acute carbon monoxide poisoning is largely the result of tissue hypoxia. Signs and
symptoms of carbon monoxide toxicity, in order of increasing severity include: (1) headache, nausea,
dilation of cutaneous vasculature, vomiting, dizziness, and blurred vision; (2) confusion, syncope, chest
pain, dyspnea, weakness, tachycardia, and tachynea rhabdomyolysis; and (3) palpitations, cardiac
dysrhythmias, hypotension, myocardial ischemia, cardiac arrest, respiratory arrest, pulmonary edema,
seizures, and coma (Kao and Nafiagas 2006). Although binding of carbon monoxide to blood Hb is a
primary component of the hypoxic mode of action of carbon monoxide, blood COHb levels have not been
shown to be a reliable predictor of severity of acute toxicity, in part, due to time elapsed from removal
from carbon monoxide exposure to COHb measurement and to the effects of emergency medical
intervention (i.e., treatment with oxygen) on COHb levels prior to COHb measurement (Hampson and
Hauff 2008). In general, typical levels of COHb in nonsmokers are <2% (Adams et al. 1988; Allred et al.
1991; Anderson et al. 1973; Hinderliter et al. 1989; Kleinman et al. 1989, 1998; Sheps et al. 1987, 1990).
Of this, approximately 0.2-1.0% is derived from endogenous production of carbon monoxide (Coburn et
al. 1963; Delivoria-Papadopoulos et al. 1974; Longo 1977). Levels ranging from 2 to 6% have been
shown to exacerbate underlying cardiovascular disease, including enhanced myocardial ischemia and
increased cardiac arrhythmias (Adams et al. 1988; Allred et al. 1989, 1991; Anderson et al. 1973;
Kleinman et al. 1989, 1998; Leaf and Kleinman 1996b). In general, signs and symptoms of acute carbon
monoxide poisoning can present at COHb levels ranging from 3 to 24% (Hampson and Hauff 2008; Kao
and Nafiagas 2006). This level overlaps with levels found immediately following cigarette smoking, up
to approximately 10% (Kao and Naifiagas 2006). More severe signs of carbon monoxide poisoning are
poorly correlated with blood COHb, with loss of consciousness occurring at mean levels of 24.3% (range:
2-70; Hampson and Hauff 2008) and fatality at mean levels of 32.1% (range: 3.0-60; Hampson and
Hauff 2008). Exposures that result in COHb levels >60-70% are usually fatal (Kao and Narfiagas 2006).

Persistent neurologic sequelae, which can be delayed in onset, can also occur, including memory loss,
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impairments of concentration and language, affective disorders (e.g., depression), and Parkinsonism (Choi
2002; Klawans et al. 1982; Ringel and Klawans 1972), some of which may be related to pathologic
changes in the brain (Lo et al. 2007; Gorman et al. 2003).

Most of the non-hypoxic mechanisms of action of carbon monoxide have been attributed to binding of
carbon monoxide to heme in proteins other than Hb. Notable targets of carbon monoxide include
components of several important physiological regulatory systems, such as brain and muscle oxygen
storage and utilization (myoglobin, neuroglobin); nitric oxide cell signaling pathway (e.g., nitric oxide
synthase, guanylyl cyclase); prostaglandin cell signaling pathway (cyclooxygenase, prostaglandin H
synthase); energy metabolism and mitochondrial respiration (cytochrome ¢ oxidase, cytochrome ¢,
NADPH oxidase); steroid and drug metabolism (cytochrome P450), cellular redox balance, and reactive
oxygen species (catalase, peroxidases); and various transcription factors (¢.g., neuronal PAS domain
protein, NPAS?2). Endogenously produced carbon monoxide may participate in the physiological
regulation of some, if not all, of these systems. This has potentially important implications for the
understanding of carbon monoxide toxicology and dose-response relationships for the following reasons:
(1) carbon monoxide modulation of physiological processes may underlie some aspects of the toxicity of
exogenous carbon monoxide; (2) exogenous carbon monoxide may disrupt physiological regulation of
those systems that are responsive to endogenous carbon monoxide (e.g., vascular resistance); and

(3) exposures to exogenous carbon monoxide may affect carbon monoxide-mediated physiological
responses at levels that approach those resulting from endogenous production. One implication of this is
that the dose threshold for effects of exogenous carbon monoxide on carbon monoxide -modulated

physiological systems may lie near or below ambient air carbon monoxide concentrations.

Epidemiological Studies. Epidemiological studies of health outcomes associated with exposure to carbon
monoxide fall into two major categories. Some studies have examined relationships between long-term
average ambient air carbon monoxide concentrations and health outcomes, where the air carbon
monoxide concentrations represent averages over years or decades. Other studies have examined
associations between outcomes and air concentrations measured over relatively narrow time slices (e.g.,
1-24-hour average or maxima). These short-ferm studies are particularly suited to outcomes that might
be related to short-term elevations in carbon monoxide exposure in close temporal proximity to the
outcome of interest, which might otherwise be lost in longer-term average carbon monoxide
concentrations (¢.g., change in heart rate, heart rate variability, arrhythmia). End points that have been
assessed in epidemiological studies include mortality, morbidly, and rates of medical assistance.

Examples of the latter category include rates of hospital admissions or emergency room visits recorded to
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have been prompted by a given morbidity outcome, rates of activation of recorded activation of
implantable cardioverter defibrillator (ICD) devices, and rates of rescue medication use by asthmatics.
These studies are typically conducted using time-series analysis and Poisson regression models for
estimated associations between carbon monoxide concentrations and outcome rates. Case-crossover
designs have also been widely applied in air pollution epidemiology. This design offers many of the
advantages of the case-control design (e.g., matching of individual cases and controls for potential co-
variables and confounders), with the additional feature of each case serving as its own control, with each
case assigned a case exposure period, usually within a few days of the outcome measurement, and a
control exposure period, usually some time before or after the case exposure period. Another widely
reported design in assessment of morbidity is the panel study in which members of the study cohort,
usually a relatively small sample, are followed individually with respect to exposures and outcomes. Also
reported are case-control studies, retrospective and cross-sectional cohort studies, and a few prospective

studies of mortality.

Several important features of the epidemiological studies of ambient air carbon monoxide are of generic
relevance to public health assessments. In particular, their utility for establishing dose-response

relationships is limited by several factors:

(1) Nearly all studies have relied on area monitoring for estimating exposure levels; this has the
potential to produce errors in assigning exposure levels to individuals.

(2) The temporal correspondence between monitored exposure levels and outcomes is highly
uncertain. Outcomes that might be related to carbon monoxide exposure might occur in response
to short-term elevations in carbon monoxide concentrations not captured in air monitoring data
that are averaged over longer time periods (¢.g., 24-hour average). Also, outcomes associated
with a given exposure may have a latency period (e.g., myocardial infarction may occur days
after the exposure that initiated the event). One approach to this problem has been to apply time-
series techniques to quantify air concentration trends and to explore lag times between exposure
concentration trends and the time of outcome.

(3) Ambient air carbon monoxide concentrations tend to be strongly correlated with other air quality
variables that can affect cardiovascular function, either directly or indirectly (e.g., through effects
on the respiratory tract). Typical variables that correlate with air carbon monoxide concentrations
include particulate matter (¢.g., total suspended particulates, PM;,, PM; 5), NO,, Os, and SO,.
Ignoring co-variables that contribute to risk in regression models (¢.g., single-pollutant models)
can introduce upward bias in observed associations between air carbon monoxide concentrations
and outcomes (¢.g., inflate relative risk). On the other hand, assuming strongly correlated co-
variables are independent in multi-pollutant models can introduce downward bias in the carbon
monoxide association. Although the strength of the carbon monoxide association may be
underestimated in multi-pollutant models, for the reasons noted above, persistence of significant
associations between the measured outcome and air carbon monoxide concentrations, when co-
pollutants are accounted for in multivariate models, provides stronger support for a contribution
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of carbon monoxide to the outcome. Not all studies have explored multi-pollutant models;
however, such models lend supporting evidence to the results of clinical studies that have shown
carbon monoxide to exacerbate coronary vascular discase.

(4) Outcomes investigated have tended to be serious, life-threatening events (¢.g., cardiac arrhythmia,
myocardial infarction, stroke, heart failure); these outcomes reflect the “late-stage™ consequences
of contributing pathophysiology that might be associated with exposures to lower levels of carbon
monoxide for longer durations than indicated in the epidemiological studies.

(5) Mean values of carbon monoxide exposure concentrations have ranged from 0.3 to 5 ppm with
the highest values <30 ppm. These values correspond to predicted steady-state COHb levels of
<1% for the mean and <5% for the highest values (predicted from the CFK model). At these
COHBD levels, it is possible that only highly susceptible individuals exhibit the serious hypoxia-
related outcomes. For these and other reasons, epidemiologic studies have typically focused on
highly susceptible populations. A typical design has been to examine associations between
temporal trends in ambient air carbon monoxide concentrations and hospital admissions or
emergency department visits for which the reported diagnosis was some form of cardiovascular
and/or respiratory disease of impairment.

3.21 Death

The Centers of Disease Control and Prevention (CDC) estimated that during the period 1999-2004,
carbon monoxide was listed as a contributing cause of death on 16,447 death certificates in the United
States, of which 2,631 deaths were categorized as unintentional and unrelated to fires (CDC 2007).
Typically, fatal exposures to carbon monoxide produce coma, convulsions, and cardiorespiratory arrest
(Raub et al. 2000; Wolf et al. 2008). Symptoms preceding death can include headache, dizziness,
weakness, nausea, vomiting, mental confusion and visual disturbances, and loss of consciousness (Choi
2001; Raub et al. 2000). Clinical signs of life-threatening toxicity can include cardiac arrhythmia and
myocardial ischemia, hypotension, pulmonary edema, and seizures (Kao and Nafiagas 2006). Patients
who have been resuscitated following carbon monoxide-induced cardiac arrest have a very low prognosis

for survival (Hampson and Zmaeff 2001).

Although severe carbon monoxide toxicity is thought to primarily derive from hypoxia resulting from
binding to and displacement of O, from heme proteins, including blood Hb, the relationship between
blood COHb levels and signs indicative of life-threatening toxicity is highly uncertain (e.g., loss of
consciousness, convulsions, coma, cardiopulmonary depression). In a survey of 1,407 cases of acute
carbon monoxide poisoning patients (i.c., record of history of carbon monoxide exposure, signs and
symptoms, blood COHb >2%, treatment with hyperbaric O,), the mean blood COHb concentration was
22.3% (95% confidence interval [CI]: 22.7-23.9, range: 2.1-72.3; Hampson and Hauff 2008). The

group mean was only marginally lower than in patients who lost consciousness (24.3%, 95% CI:. 23.3-
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25.1, range: 2.1-73.3) or died (32.1%, 95% CI. 27.9-36.4, range: 3.0-60.0). Although survivors had
lower mean COHb levels (23.1, 95% CI: 22.5-23.6) than that of fatalities, the upper end of the range
exceeded that of fatalities (2.1-72.3%). The lower end of the range for COHb levels (2.1%) in this study
reflects, at least in part, time delays between termination of exposure and measurement of blood COHb
levels. However, that notwithstanding, this study suggests that blood COHb levels do not provide a
reliable predictor of lethality. COHD levels can be converted to estimates of corresponding continuous air
exposure levels by application of the CFK model. The mean for fatalities (32.1%) corresponds to a
steady-state exposure (e.g., >500 minutes) to 300 ppm, or exposure to 1,000 ppm for approximately 80—

90 minutes.

Epidemiological Studies. Epidemiological studies have examined possible associations between ambient
air carbon monoxide concentrations and mortality. These studies have examined relatively low carbon
monoxide concentrations (from a toxicological perspective) that are typical of ambient conditions of
study period. Mean air carbon monoxide concentrations in most of the studies were <2 ppm, with
maximum values <10 ppm. Epidemiologic studies of ambient carbon monoxide and mortality can be
grouped into two categories: (1) studies that have examined the relationship between exposures to carbon
monoxide estimated from short-term (e.g., daily or monthly average) ambient air carbon monoxide
concentrations; and (2) studies that have based exposure estimates on long-term average air carbon
monoxide concentrations. Although both types of studies have yielded mixed results, the larger, multi-
city studies of long-term exposure have yielded estimates of carbon monoxide-associated mortality risk
that are zero or less than zero (Jerrett et al. 2003; Lipfert et al. 2006b; Miller et al. 2007; Pope et al. 2002).
Results from short-term exposures studies have been more varied, with some studies showing increased
mortality risk when carbon monoxide is considered in single-pollutant models (percent increase in
mortality: 0.2-0.6), which did not persist when the models are adjusted for co-pollutants (Burnett et al.
2004; Dominici et al. 2003a, 2003b; Samoli et al. 2007). This conclusion is supported by at least one
meta-analysis of time-series published between 1985 and 2001 (Stieb et al. 2002), which estimated excess
mortality risk (pooled meta estimate) for a 1.1 ppm increment in air carbon monoxide concentration to be
1.6 (95% CI: 1.1-2.1) based on a single-pollutant model and 0.7% (95% CI. -0.1-1.5), based on a multi-
pollutant model that included NO,, O;, PM;,, and SO, (both estimates from generalized additive model
regression models). A study of survival among 1,073 carbon monoxide poisoning patients (followed
from 1978 to 2005) found that survivors of carbon monoxide poisoning had an increased mortality
(standardized mortality ratios [SMR]=1.9) (95% CI: 1.6-2.2; NIOSH Life Table analysis as reference;
Hampson et al. 2009; Leikin and Wills 2009).

***DRAFT FOR PUBLIC COMMENT***



CARBON MONOXIDE 32
3. HEALTH EFFECTS

While these studies provide some evidence in support of a mortality risk associated with inhalation
exposures to carbon monoxide, as previously discussed in the introduction to Section 3.2, their utility for
establishing dose-response relationships for these effects are limited by several factors: (1) reliance on
arca monitoring for estimating exposure levels; and (2) relatively strong correlations between ambient air
carbon monoxide concentrations and other air quality variables that may contribute to mortality risk. The
discussion presented below focuses on outcomes of the most recent follow-ups of larger (¢.g., multi-city)
studies. Numerous single-city studies have also been reported; however, results of these studies are, in

general, consistent with findings of multi-city studies.

Three multi-city prospective mortality studies have examined possible associations between long-term
average ambient air carbon monoxide concentrations and mortality. A prospective study examined
mortality in a cohort of 552,138 adults in 151 U.S. metropolitan areas, enrolled in the study in 1982 and
followed through 1998 (Pope et al. 1995, 2002), A reanalysis of the study was reported in Jerrett et al.
(2003). Based on estimated average ambient air carbon monoxide concentration during the period 1982—
1998, increasing air carbon monoxide concentration was significantly associated with decreasing
mortality from all-causes, cardiopulmonary, and lung cancer. The relative risk for cardiopulmonary death
was estimated to be approximately 0.95 (95% CIL: 0.9-0.99) per 1 ppm increase in carbon monoxide
concentration (estimated from Figure 5 of Pope et al. 2002). A smaller prospective study focused on
cardiovascular deaths among postmenopausal women between the ages of 50 and 79 years (Miller et al.
2007). Women (n=65,893) without previous history of cardiovascular disease were enrolled in the study
from 36 U.S. metropolitan arcas during the period 1994-1998 and deaths recorded up to mid-2003.
Among the subset of the cohort that had complete data on ambient air pollutant levels from local
monitoring stations (n=28,402), the hazard ratio for cardiovascular mortality was 0.92 (95% CIL. 0.71-
1.21) per 1 ppm increase in ambient air carbon monoxide concentration based on a single-pollutant model
and 0.93 (95% CI: 0.67-1.30) based on a multi-pollutant model that adjusted for air concentrations of
NO,, Oz, PM,; 5, PMyp, and SO,. A prospective study of U.S. military veterans examined mortality
outcomes in approximately 70,000 males who had been diagnosed with hypertension (Lipfert et al. 2000,
2006a, 2006b). Subjects were enrolled in the study in 1976 at the average age of 51 years and were
followed through 2001 (Lipfert et al. 2006a). Mortality risk (all causes of death) was not significantly
associated with ambient air carbon monoxide concentration. The relative risk was estimated to be

1.032 (95% CI: 0.954-1.117) per 1 ppm increase in air carbon monoxide concentration based on a single-

pollutant model and 1.023 (95% CIL: 0.939-1.115) after adjustment for NO, and Os.
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A multi-city, cross-sectional study examined mortality in all U.S. counties (excluding those of Alaska) for
the period 1969-1997 (Lipfert and Morris 2002). Risk estimates were made for various exposure periods
ranging from 2 to 9 years and for age categories. Estimates of mortality risk (all causes) attributable to
average ambient air carbon monoxide concentrations for the exposure periods were mostly either not
significant or significantly negative. Elevated risk was observed in some exposure periods for the age

group 15-44 years; however, this outcome was not consistently observed across time periods.

Several multi-city studies have found significant associations between increasing short-term average
ambient air carbon monoxide concentration and increasing mortality risk when carbon monoxide is
considered in single-pollutant models, with the associations attenuated when models are adjusted for other
co-pollutants. A time-series study examined mortality in 82 U.S. cities during the period 1987-1994
(Dominici et al. 2003b; HEI 2005; Samet et al. 2000). In the Dominici et al. (2003b) analysis of these
data, a 1 ppm increase in ambient air carbon monoxide concentration (lag 1 day) was associated with
increased mortality (from all causes) of 0.46% (95% CI: 0.18-0.73). Mortality risk was not significant
after adjustment for air concentration of PM,,, alone, or PM;, and NO,. A time-series study examined
morality in 12 Canadian cities during the period 1987-1994 (Bumett et al. 2004). Mortality risk (all non-
accidental causes) was significantly associated with ambient air carbon monoxide concentration (lag

1 day) in single-pollutant models, with an increase of 0.68% (t=3.12) per 1.02 ppm increases in air carbon
monoxide concentration. However, the association did not persist when adjusted for NO, (0.07%,
t=0.30). A time-series analysis examined mortality in 19 European cities during the period 1990-1997
(Samoli et al. 2007). This study found a significant association between carbon monoxide and total non-
accidental and cardiovascular mortality in single-pollutant models. The estimated effect size varied
depending on the model applied. The effect size for total mortality based on a single-pollutant model
ranged from 0.59% increase (95% CI: 0.41-1.79) to 1.20% (95% CI: 0.63-1.77) per 1 mg/m’ increase in
carbon monoxide concentration (0—1-day lag). The effect on cardiovascular mortality ranged from 0.8%
increase (95% CI. 0.53-1.07) to 1.25 (95% CIL: 0.30-2.21). Inclusion of black smoke or NO, in the
models substantially decreased the estimated risk attributable to carbon monoxide, with the effect sizes no

longer significant in some models.

3.2.2 Systemic Effects

Respiratory Effects. Although cardiopulmonary arrest is an end point of fatal carbon monoxide
poisoning, results of controlled clinical studies in healthy subjects indicate that the respiratory tract does

not appear to be a primary target organ for carbon monoxide toxicity. Brief exposure to carbon monoxide
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at levels >1,000 ppm may decrease ventilatory performance, although conflicting results have been
reported (Chevalier et al. 1966; Fisher et al. 1969; Koike et al. 1991; Ren et al. 2001; Vesely et al. 2004).
Epidemiological studies have examined possible associations between ambient air carbon monoxide
concentrations and mortality. These studies have examined relatively low carbon monoxide
concentrations (from a toxicological perspective) that are typical of ambient conditions of study period
(mean concentrations ranging from 0.3 to 10 ppm with the highest values <30 ppm). Collectively, these
studies have yielded mixed results, with some studies finding significant associations between increasing
ambient air carbon monoxide concentrations and respiratory outcomes (€.g., exacerbation of asthma
symptoms, hospitalizations and emergency room visits related to asthma), and few studies finding
associations that persist after accounting for exposures to other air pollutants that also have been shown to
contribute to respiratory disease risk (e.g., NO,, Os, particulate matter, and SO). The lack of strong
evidence for associations between ambient air carbon monoxide concentrations at <30 ppm and
pulmonary function is also consistent with the results of human clinical and animal studies. Studies
conducted in animals provide supporting evidence that the respiratory tract does not appear to be a

primary target organ for carbon monoxide (EPA 1991, 2000; Serhaug et al. 2006).

Clinical Studies. Few controlled clinical studies have evaluated adverse respiratory effects of carbon
monoxide exposure. Available clinical studies have been conducted in small numbers (i.¢., 4-12) of
healthy subjects under acute exposure conditions (Chevalier et al. 1966; Fisher et al. 1969; Koike et al.
1991; Ren et al. 2001; Vesely et al. 2004). No controlled clinical studies evaluating respiratory effects of
intermediate- or chronic-duration exposure in healthy subjects or of any duration exposure in patients

with underlying respiratory diseases were identified.

Results of controlled clinical studies in healthy subjects indicate that brief exposure to carbon monoxide
may decrease ventilatory performance, although conflicting results have been reported; however, based
on results of available clinical studies, the respiratory tract does not appear to be a major target organ for
carbon monoxide. Exposure of 10 healthy subjects to 5,000 ppm carbon monoxide for 2—4 minutes
(COHb 4%) decreased inspiratory capacity by 7.5% (p<0.03), total lung capacity decreased by 2.1%
(p<0.02), and mean resting diffusing capacity of lungs decreased by 7.6% (p<0.05) (Chevalier et al.
1966). However, other studies have found no effects of acute carbon monoxide exposure on ventilatory
function. No changes in ventilatory mechanics (vital capacity, functional residual capacity, airway
conductance, lung volume, pulmonary resistance, dynamic lung compliance, diffusing capacity) were
observed in four healthy subjects exposed to carbon monoxide producing blood COHb levels of 11-20%
(Fisher et al. 1969). Exposure to 1,000 ppm carbon monoxide for 10-30 minutes (COHb ~10%;
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10 subjects) (Ren et al. 2001) or 1,200 ppm carbon monoxide for 30—45 minutes (COHb 10.2%;

10 subjects) (Vesely et al. 2004) did not affect resting ventilation. During submaximal exercise
challenge, acute exposure of 10 subjects to carbon monoxide producing blood COHb levels of 11-20%
did not alter ventilation mechanics (Koike et al. 1991). The reason for these conflicting results is not
apparent, although the small number of subjects evaluated in each study may have been a contributing

factor.

Epidemiological Studies. Epidemiological studies of exposure to carbon monoxide and respiratory
outcomes fall into two major categories: (1) studies that have assessed respiratory morbidity in
association with ambient air carbon monoxide concentrations; and (2) studies that have evaluated
associations between ambient air carbon monoxide concentrations and the incidence of hospital
admissions and/or emergency room visits related to respiratory disease (e.g., time-series studies, case-
crossover). Collectively, these studies have yielded mixed results. Although some studies have found
significant associations between increasing ambient air carbon monoxide concentrations and respiratory
outcomes (€.g., exacerbation of asthma symptoms, hospitalizations and emergency room visits related to
asthma), few studies have examined the robustness of the association in models that adjust for exposures
to other air pollutants that also have been shown to contribute to respiratory disease risk (e.g., NO,, Os,
particulate matter, and SO,). While these studies provide some evidence in support of adverse respiratory
effects of inhalation exposures to carbon monoxide, as previously discussed in the introduction to

Section 3.2, their utility for establishing dose-response relationships for these effects are limited by
several factors: (1) reliance on area monitoring for estimating exposure levels; (2) uncertainty in
knowledge of temporal correspondence between monitored exposure levels and outcomes; (3) relatively
strong correlations between ambient air carbon monoxide concentrations and other air quality variables
that can affect respiratory function; and (4) relatively low carbon monoxide exposures studied. Mean
values of carbon monoxide exposure concentrations have ranged from 0.3 to 10 ppm with the highest
values <30 ppm. These concentrations are well below those explored in experimental studies that found
minimal or no effects of carbon monoxide on pulmonary function in association with acute exposures to
carbon monoxide (i.c., >1,000 ppm). The relatively low carbon monoxide concentrations studied in
epidemiological studies, together with concurrent exposures to other air pollutants that may have more
pronounced effects on respiratory function, may have contributed to the mixed results of these studies and
relatively weak associations with carbon monoxide that have been observed (e.g., odds ratios and relative
risks very close to 1). The lack of strong evidence for associations between ambient air carbon monoxide
concentrations at <30 ppm and pulmonary function is also consistent with the results of human clinical

and animal studies.
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The presentation of epidemiology is organized by major categories of respiratory outcomes for which the
studies were designed to evaluate, which include pulmonary function, asthma and exacerbation of asthma
symptoms, and hospital admissions and emergency room visits related to respiratory disease. Study
conclusions are presented in the text, with selected supporting details presented in tabular form

(Table 3-3). Although most studies explored various time lags between monitored air carbon monoxide
concentrations and outcomes, as well as various sample strata, for the sake of brevity, only selected
representative time lags (usually, those indicative of the strongest associations to carbon monoxide) are

presented in the tables. Where co-pollutant models have been explored, these results are also presented.

Studies of Pulmonary Function. Studies of possible associations between inhalation exposures to carbon
monoxide and effects on pulmonary function have yielded mixed results (Chen et al. 1999; Fischer et al.
2002; Lagorio et al. 2006; Penttinen et al. 2001; Rabinovitch et al. 2004; Silkoff et al. 2005; Timonen et
al. 2002). Several of these studies examined subjects who had ongoing lung discase (¢.g., asthma, chronic
obstructive lung disease) and who might be more sensitive to agents that affect pulmonary function
(Rabinovitch et al. 2004; Silkoff et al. 2005; Timonen et al. 2002). Mean ambient air carbon monoxide
concentrations studied ranged from 0.5 to 10 ppm, with the highest values <30 ppm (Lagorio et al. 2006).
Only one of these studies explored multi-pollutant models and found that the association with carbon
monoxide was substantially weakened when adjustments were made for air particle matter (Penttinen et
al. 2001). Therefore, is it difficult to sort out the effects of carbon monoxide from those of other urban air
pollutants that have strong correlations with air carbon monoxide concentrations and that also could have

affected pulmonary function.

Studies of children have yielded mixed results that are further complicated by lack of assessment of
models in which correlated concentrations of other air pollutants were included (Chen et al. 1999; Fischer
et al. 2002; Rabinovitch et al. 2004; Timonen et al. 2002). A study conducted in the San Joaquin Valley,
California, examined lung function in a cohort of 232 asthmatic children (age 6-11 years) found that
long-term average exposures to carbon monoxide in infancy and childhood (age 0-6 years) was
associated with significant decreasing forced expiratory volume in 1 second (FEV;)/forced vital capacity
(FVC) and forced midexpiratory flow rate (FEF,s_;5)/FVC (Mortimer et al. 2008). Mean air carbon
monoxide concentrations during the study period ranged from approximately 1-1.5 ppm, with the highest
value <6 ppm. The effect sizes (per 1 ppm increase in air carbon monoxide concentration) were of
approximately 2.5% decrease in FEV/FVC and 4.8% decrease in FEF,5 75/FVC, A panel study

conducted in Denver, Colorado (1999-2002) examined lung function in asthmatic children (n=41-63, age
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Table 3-3. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and
Respiratory Disease

Study

Design features

CO exposure

Effect size

Lung function
Chen et al. (1999)
Period: 1995-1996
Location: Taiwan, China

Fischer et al. (2002)
Period: NR
Location: Utrecht, Netherlands

Lagorio et al. (2006)
Period: 1999
Location: Rome, Italy

Park et al. (2005a)
Period: 2002
Location: Incheon, Korea

Penttinen et al. (2001)
Period: 1996-1997
Location: Helsinki, Finland

Mortimer et al. (2008)

Period: 1989-2000

Location: San Joaquin Valley,
California

Outcome: Lung function (FVC,
FEV,, FEV,/FVC, FEF,5_759,, PEF)
Design: Cross-sectional

Sample: n=941, age 8-13 years
Outcome: Lung function (FVC,
FEV,, PEF, MMEF)

Design: Panel study

Sample: n=68, age 10-11 years

Outcome: Lung function (FVC,
FEV,)

Design: Time-series panel study
Sample: Patients (age 50-80
years) diagnosed with COPD n=11;
asthma, n=11; IHD, n=7
Outcome: Lung function (PEF
variability (>20%), mean PEF);
Design: Panel

Sample: n=64 bronchial
asthmatics, age 16-75 years
Outcome: Lung function (PEF)
Design: Panel

Sample: n=57 adults asthmatics

Outcome: Lung function (FVC,
FEV,, PEF, FEFs_;5, FEV,/FVC,
FEF,5 75s/FVC, FEF,s5, FEF75)
Design: Cohort

Sample: n=232 asthmatic children
(age 6-11 years

Avg time: 1 hour max
Range: 0.4-3.6 ppm

Avg time: 24 hours
Mean: 0.80 ppm
Range: 0.28-1,34 ppm

Avg time: 24 hours
Mean: 6.5 ppm
Range: 1.4-25.2 ppm

Avg time: 24 hours
Mean: 0.6 ppm
SD range: 0.09-0.15 ppm

Avg time: 24 hours
Median: 0.35 ppm
Range: 0.09-0.96 ppm

Avg time: 8 hour max
Mean: 1-1.5 ppm
Range: max ~6 ppm

Increment: NR

B Coefficient (SE), lag 2 days for 24 hours avg CO:

FVC (mL) -147.71 (64.48)

FEV, (mL) -82.42 (60.95)

Increment: 100 ug/m°®

NO% increase (95% ClI):

28.2 (6.9-53.9)

No significant associations with lung function
endpoints

Increment: 1 mg/m’

No significant associations with lung function
endpoints

Increment: NR
B Coefficient (SE):
Mean PEF (L/min): -10.103 (2.7146)

Increment: 0.2 mg/m°

B Coefficient (SE); lag 1 day:
PEF Deviations (L/minute)
CO: -1.08 (0.36)

CO+PNC: -0.67 (0.64); 1
Increment: ~1 ppm

B Coefficient (SE);
FEV,/FVC: -0.0073 (0.0016)
FEF,5 75/FVC: -0.2179 (0.0446)
% Decrease:

FEV./FVC: 2.5%
FEF25_75/FVC: 4.8%
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Table 3-3. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and
Respiratory Disease

Study Design features CO exposure Effect size

Rabinovitch et al. (2004) Outcome: Lung function (FEV;, Avg time: 24 hours Increment. 0.4 ppm

Period: 1999-2002 PEF) Mean 1.0 ppm No significant associations with lung function

Location: Denver, Colorado Design: Panel study Range: 0.3, 3.5 ppm endpoints
Sample: n=41-63 asthmatics, age
6-12 years

Silkoff et al. (2005) Outcome: Lung function (FEV,, Pollutant: CO Increment: 1 ppm

Period: 1999-2001 PEF) Avg Time: 24 hours Significant association with decreasing FEV, in

Location: Denver, Colorado Design: Panel Mean: 1 ppm second winter season of study, but not in first
Sample: n=16-18, former smokers, Range: 0.3-3.8 ppm (B coefficients reported graphically)
age 240 years

Timonen et al. (2002) Outcome: Lung function (FVC, Avg time: 24 hours Increment: 0.32 mg/m’

Period: 1994 FEV,, MMEF, AEFV) Mean: 0.5 ppm B Coefficient (SE), lag 2 days:

Location: Kuopio, Finland Design: Panel Range: 0.09-2.4 ppm Baseline FEV; (mL): 11.7 (SE: 5.77, p<0.05)
Sample: n=33 with respiratory Exercise AFEV, (%): 0.087 (0.26)
symptoms, age 7-12

Asthma and exacerbation of asthma symptoms

Hwang et al. (2005) Outcome: Asthma Avg time: year. Increment: 0.1 ppm

Period: 2001 Design: Cross-sectional Mean: 0.66 ppm Adjusted OR (95% ClI)

Location: Taiwan, China Sample: n=32,672, Range: 0.42-0.96 ppm CO: 1.045 (1.017-1.074)
age 6-15 years CO+S02: 1.066 (1.034-1.099)

CO+PM10: 1.079 (1.047-1.112)
CO+03: 1.063 (1.1-1.474)
CO+8S02+03: 1.111 (1.074-1.15)
CO+PM10+ O3: 1.119 (1.084-1.155)

Park et al. (2005a) Outcome: Asthma symptoms Avg time: 24 hours Increment: NR
Period: 2002 Design: Panel Mean: 0.6 ppm No significant association with asthma symptoms
Location: Incheon, Korea Sample: n=64 bronchial SD range: 0.09-0.15 ppm
asthmatics, age 16-75 years
Rabinovitch et al. (2004) Outcome: Asthma symptoms, Avg time: 24 hours Increment: 0.4 ppm
Period: 1999-2002 rescue inhaler use Mean 1.0 ppm B Coefficient (SE), 3-day moving avg:
Location: Denver, Colorado Design: Panel study Range: 0.3, 3.5 ppm Asthma exacerbation: 1.012 (0.913-1.123)
Sample: n=41-63 asthmatics, age Rescue inhaler: 1.065 (1.001-1.133)
6-12 years
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Study Design features CO exposure Effect size
Rodriguez et al. (2007) Outcome: Respiratory symptoms  Avg time: 8 hours Increment. NR
Period: 1996-2003 Design: Panel Mean 1.4 ppm OR (95%ClI), wheeze/chest rattle, lag 5-days:
Location: Perth, Australia Population: n=263, age 0-5 years Range: 0.01-8.0 ppm lag 0 days: 1.089 (0.968-1.226)

lag 5 days: 1.136 (1.016-1.26)
lag 0-5 days: 1.035 (1.005-1.066)

Schildcrout et al. (2006) Outcome: Asthma symptoms; Avg time: 24 hours Increment: 1.0 ppm
Period: 1993-1995 rescue inhaler use 10th—90th%: 0.4-2.4 ppm OR (95% CI), asthma symptoms, lag 0 days:
Location: 8 North American Design: Panel CO: 1.08 (1.01-1.14)
cities Sample: 990 asthmatics, age 5- CO+NO2 1.07 (1-1.14)

12 years CO+PM10: 1.08 (1.01-1.15)

CO+802 1.07 (0.99-1.16)

Silkoff et al. (2005) Outcome: Asthma symptoms, Avg time: 24 hours Increment: 1 ppm
Period: 1999-2001 rescue inhaler use Mean: 1 ppm No significant associations with asthma symptoms
Location: Denver, Colorado Design: Panel Range: 0.3-3.8 ppm or rescue medications

Sample: n=16-18, former smokers,

age 240 years
Slaughter et al. (2003) Outcome: Asthma severity; Avg time: 24 hours Increment: 0.67 ppm
Period: 1993-1995 medication use Median: 1.47 ppm OR (95% CI), asthma severity, lag 1 day:
Location: Seattle, Washington Design: Panel 25"-75"%: 0.23—1.87 ppm Asthma severity: 1.21 (1.08-1.35)

Sample: n=133 asthmatics, age 5- Rescue inhaler use: 1.09 (1.03-1.16)

13 years
von Kilot et al. (2002) Outcome: Asthma symptoms; Avg time: 24 hours Increment: 0.6 mg/m°
Period 1996—-1997 medication use Mean: 0.8 ppm OR (95% CI); wheezing prevalence, 5-day avg:
Location: Erfurt, Germany Design: Panel Range: 0.3-2.3 ppm CO: 01.13 (1.05-1.22)

Sample: 53 asthmatics, age 37— CO+MCq1_05: 1.15(1.04-1.27)

77 years CO+NCgp101: 1.09 (0.98-1.22)
Yu et al. (2000) Outcome: Asthma symptoms Avg time: 24 hours Increment: 1.0 ppm
Period: 1993-1995 Design: Panel Mean 1.6 ppm OR (95% CI), lag=2 days:
Location: Seattle, Washington Sample: n=133 asthmatics, age 5— Range: 0.65-4.18 ppm 1.26 (1.09-1.46)

13 years
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Table 3-3. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and

Respiratory Disease

Study

Effect size

Hospital admissions and emergency room visits related to respiratory disease

Burnett et al. (2001)
Period: 1980-1994
Location: Toronto, Canada

Cakmak et al. (2006)
Period: 1993-2000
Location: 10 Canadian cities

Karr et al. (2006)
Period: 1995-2000
Location: Southern California

Linn et al. (2000)

Period 1992-1995
Location: Los Angeles,
California

Lin et al. (2003)

Period: 1981-1993
Location: Toronto, Canada

Lin et al. (2005)
Period: 1998-2001
Location: Toronto, Canada

Design features CO exposure

Outcome: Asthma, acute Avg time: 1 hour
bronchitis/bronchiolitis; croup; Mean: 1.18 ppm
pneumonia HAs 25"-75"%: 1.3-2.3 ppm

Design: Time series
Sample: <2 years
Outcome: Respiratory disease HAs Avg time: 24 hours

Design: Time-series Mean: 0.8 ppm
Sample: All ages Range: 0.0-6.5 ppm
Outcome: Acute bronchiolitis HAs Avg time: 24 hours
Design: Case-crossover Mean: 17 ppm
Sample: age <1 year Range: 0.004-9.6 ppm
Outcome: Asthma, COPD, Avg time: 24 hours
pulmonary HAs Mean: 1.0-2.1 ppm
Design: Time-series Range: 0.3-5.3 ppm
Sample: age 0-29, 230 years

Outcome: Asthma HAs Avg time: 24 hours
Design: Case-crossover Mean: 1.18 ppm
Sample: age 6-12 years Range: 0-6.1 ppm

Outcome: Respiratory infection Avg time: 24 hours
HAs Mean: 1.16 ppm
Design: Case-crossover Range: 0.38-2.45 ppm
Sample: age <15 years

Increment: 1.9 ppm

% Increase (t value), lag 0-1 day:
CO: 19.20% (3.48)

CO+03: 14.30% (2.6)

Increment: 0.8 ppm

% Increase(95% CI), lag 2.8 days:

CO: 0.60% (0.20, 1)
CO+S02+NO2+03: -0.20% (-0.70-0.30)
Increment: 1.36 ppm

OR (95% CI), lag 1 day:

All: 0.99 (0.96-1.02)

Age 25-29 weeks: 0.86 (0.68-1.1)
Increment: 1.0 ppm

B (SE): Asthma, <30 years: 0.036 (0.016, p<0.05)
Asthma 230 years: 0.028 (0.010, p<0.05)
COPD, =30 years: 0.019 (0.007, p<0.05)
Increment: 0.5 ppm

OR (95% CI), lag 1 day:

Males CO: 1.05 (1-1.11)

Males CO+PM: 1.05 (0.99-1.11)
Females CO: 1.00 (0.93-1.06)

Females CO+PM: 1.00 (0.93-1.07)
Increment: 0.44 ppm

OR (95% CI), lag 0-5 days:

Males, CO: 1.13 (1.02-1.25)

Males, CO+PM: 1.08 (0.97-1.20)
Females, CO: 1.05 (0.93-1.18)
Females, CO+PM: 1.02 (0.90-1.15)
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Table 3-3. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and
Respiratory Disease

Study Design features CO exposure Effect size
Peel et al. (2005) Outcome: Asthma; COPD, Avg time: 1 hour maximum Increment: 1.0 ppm
Period: 1993-2000 pneumonia EDVs Mean: 1.8 ppm RR (95%ClI); lag 0-13 days:
Location: Atlanta, Georgia Design: Time-series 10"-90"%: 0.5-3.4 ppm  All respiratory: 1.066 (1.045—1.087)
Sample: ages all, 2-18 years Asthma: 1.076 (1.047-1.105)

Pneumonia: 1.045 (1.011-1.080)
COPD: 1.032 (0.975-1.092), 1.026 (1.004—1.048;

lag=0-2 days)
No significant associations after adjustment for
PM,g, NO;, O3
Slaughter et al. (2005) Outcome: Respiratory, asthma; Avg time: 24 hours Increment: 1.0 ppm
Period: 1995-2001 COPD, respiratory infection HAs ~ 57-95"%: 1.25-3.05 ppm RR (95% Cl); lag 3 days:
Location: Spokane, Washington and EDVs Respiratory EDV:1.03 (1.00-1.06)
Design: Time-series Asthma EDV: 1.06 (1.00-1.11)
Sample: All ages, adults COPD EDV, Adults: 1.01 (0.93-1.10)
Respiratory HA: 0.99 (0.96-1.03)
Asthma HA: 1.00 (0.91-1.11)
COPD HA.: Adults: 0.97 (0.88-1.06)
Tolbert et al. (2007) Outcome: Asthma; COPD; URI, Avg time: 1 hour maximum Increment: 1.22 ppm
Period: 1993-2004 pneumonia; bronchiolitis EDVs Mean: 1.6 ppm RR (95% CI), lag 3 days:
Location: Atlanta, Georgia Design: Time-series Range: 0.1-7.7 ppm Respiratory diseases: 1.016 (1.009-1.022)
Sample: All ages Not significant after adjustment for O;, NO,, or
PM,q.
Yang et al. (2003) Outcome: Respiratory disease HA) Avg time: 24 hours Increment. 0.54 ppm
Period: 1986-1998 Design: Case-crossover Mean: 0.98 ppm OR (95% CI), lag 1 day: <3 years, CO: 1.04
Location: Vancouver, Canada Sample: ages <3; 265 years 25"-75"%: 0.62—-1.16 pm (1.01-1.07)

<3 years, CO+03: 1.04 (1.01-1.07)
<3 years, CO+03+NO2+ SO2: 1.02 (0.96-1.08)
>65 years, CO: 1.02 (1.00-1.04)

265 years, CO+03: 1.02 (1.00-1.04)

265 years, CO, 03, NO2, SO2: 0.96 (0.93-1.00)
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Table 3-3. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and
Respiratory Disease

Study Design features CO exposure Effect size
Zanobetti and Schwartz (2006) Outcome: Pneumonia HAs Av% time: 24 hours Increment: 0.475 ppm
Period: 1995-1999 Design: Case-crossover 25"-75M%: 0.39-0.60 ppm % Increase (95% CI). 5.45 (1.10, 9.51; lag=0
Location: Boston, Sample: All ages days)
Massachusetts 5.12 (0.83, 9.16; lag=0-1 days)

AEFV = area under the expiratory flow-volume curve; Avg = average; Cl = confidence interval, CO = carbon monoxide; COPD = chronic obstructive pulmonary disease;
EDV = emergency department visit; FEF = forced expiratory flow; FEF25-75 = forced expiratory flow at 25-75% of vital capacity; FEV1 = forced expiratory volume at

1 second; FVC = forced vital capacity; HA = hospital admission, IHD = ischemic heart disease; MC = particle mass concentration; NC = particle number concentration;
NR = not reported; PEF = peak expiratory flow; PNC = particle number concentration/count; RR = relative risk; SD = standard deviation;, SE = standard error; URI = upper
respiratory infection
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6-12 years) and did not find a significant association between air carbon monoxide concentration and
pulmonary function end points, FEV,, and peak expiratory flow (PEF) (Rabinovitch et al. 2004). The
mean air carbon monoxide concentration in the study was 1.0 ppm (range: 0.3-3.5 ppm). A similar panel
study conducted in Kuopio, Finland examined lung function in children (n=33, age 7-12 years) who were
diagnosed with chronic respiratory disease symptoms (Timonen et al. 2002). Increasing air carbon
monoxide concentration was associated with decreasing FVC and FEV, when measured at rest, but not
during exercise. Other air pollutants were also associated with decrements in baseline pulmonary
function (particulate matter, NO,); however, multi-pollutant models were not explored. The air carbon
monoxide concentrations in this study were similar to that in the Rabinovitch et al. (2004) study (mean
0.6 mg/m’, range: 0.1-2.8 mg/m’). A cross-sectional cohort study conducted in Taiwan, China (1995—
1996) included asthmatic children (n=941, age 8—13 years; Chen ¢t al. 1999). A significant association
was found between increasing air carbon monoxide concentration and decreasing FVC; however, multi-
pollutant models were not explored. Peak daily air carbon monoxide concentrations ranged from 0.4 to
3.6 ppm. Fischer et al. (2002) examined possible associations between carbon monoxide and pulmonary
function in a panel of children (n=68, age 10-11 years) in The Netherlands. Increasing air carbon
monoxide concentration was not associated with FVC, FEV,, PEF, or maximal midexpiratory flow
(MMEF); however, it was associated with increasing levels of expired endogenous nitric oxide radical
(NO-). Here again, multi-pollutant models were not explored. The mean air carbon monoxide

concentration in this study was 0.9 mg/m’ (range: 0.3-1.5 mg/m’).

Results of studies of pulmonary function in adults have also been mixed and conflicting (Lagorio et al.
2006; Penttinen et al. 2001; Silkoff et al. 2005). A panel study of adult nonsmoking asthmatics (n=57,
mean age 53 years) conducted in Helsinki, Finland (1996-1997) found that increasing air carbon
monoxide concentration was associated with decreasing PEF; however, the association was not
significant when adjusted for particulate matter (Penttinen et al. 2001). The mean air carbon monoxide
concentration was 0.4 mg/m’ (range: 0.1-1.1 mg/m’). A panel study of adult former smokers, diagnosed
with chronic obstructive pulmonary disease (COPD), conducted in Denver, Colorado (1999-2001, n=16—
18, age >40 years) found somewhat conflicting results. A significant association between increasing air
carbon monoxide concentration and decreasing FEV; was found in the second winter season of the study,
but not in the first winter season of the study (Silkoff et al. 2005). Air carbon monoxide concentrations
(ppm) were not significantly different in the two seasons (mean: 1.1-1.2; ranges: 0.3-3.8 and 0.4-2.8),
although concentrations of other air pollutants (¢.g., PM;,, PM, 5, and NQO,) were higher in the second
winter season, suggesting that other air pollutants may have contributed to the associations attributed to

carbon monoxide in single-pollutant models. The study conducted by Lagorio et al. (2006) is notable
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because it included relatively high air carbon monoxide concentrations (mean range: 1.8 [spring]|—

10.6 [winter] ppm; range: 1.5-25.1 ppm). This panel study examined adults (n=29, age 18-80 years) in
Rome, Italy (1999) who were diagnosed with asthma, COPD, or ischemic heart disease. Increasing air
carbon monoxide concentration was not significantly associated with lung function parameters, and multi-
pollutant models were not explored. A panel study conducted in Incheon, Korea examined lung function
in asthmatics (n=57, ages 1675 years) found a significant association between air carbon monoxide
concentrations and decreasing PEF; however, multi-pollutant models were not explored (Park et al.

2005a). The mean air carbon monoxide concentration was 0.6 ppm.

Studies of Asthma Incidence (or Prevalence) and Exacerbation of Asthma Symptoms. A cross-
sectional study examined asthma diagnoses among school-age children (n=32,672, age 6-15 years) in
Taiwan, China (Hwang et al. 2005). The odds ratio for 0.1 ppm increases in air carbon monoxide
concentration (annual average) was estimated to be 1.045 (95% CI: 1.017-1.074) and persisted after
adjustment for O3, PM;,, and/or SO, in multi-pollutant models. The mean air carbon monoxide
concentration was 0.6 ppm (range: 0.4-0.9 ppm). Several studies have examined possible associations
between ambient air carbon monoxide concentrations and asthma symptoms (e.g., coughing, wheezing,
chest tightness, shortness of breath, inhaler use). Results of these studies have been mixed; however,
collectively, these studies provide evidence for associations between increasing air carbon monoxide
concentration and increasing severity of asthma (Park et al. 2005a; Rabinovitch et al. 2004; Rodriguez et
al. 2007; Schildcrout et al. 2006; Silkoff et al. 2005; Slaughter et al. 2003; von Klot et al. 2002; Yu et al.
2000). One of the larger studies examined asthma symptoms in a panel of 990 children (ages 5-12 years)
in eight North American cities (1993-1995, Schildcrout et al. 2006). A 1 ppm increase in air carbon
monoxide concentration (lag=0 days) was associated with an odds ratio of 1.08 (95% CI: 1.01-1.14) for
asthma symptoms. The association remained significant after adjusting for NO,, PMy,, or SO, in two-
pollutant models. Air carbon monoxide concentrations ranged from approximately 0.4 to 2.4 ppm (10—
90™ percentile range). Significant associations with increasing carbon monoxide concentration were also

found when rescue medication use was evaluated as the asthma symptom end point.

The above results are consistent with those of several smaller panel studies. A study conducted in Seattle,
Washington examined asthma symptoms (Yu et al. 2000) and asthma severity (Slaughter et al. 2003) in a
panel of 133 asthmatic children (age 5-13 years). The mean air carbon monoxide concentration was

1.6 ppm (range: 0.6-4.8 ppm; Yu et al. 2000). Both studies found significant associations between
ambient air carbon monoxide and asthma symptoms. In the Yu et al. (2000) study, a 1 ppm increase in air

carbon monoxide (lag=2 days) was associated with an odds ratio of 1.26 (95% CI. 1.09-1.46) for asthma
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symptoms. In the Slaughter et al. (2003), a 0.67 ppm increase in air carbon monoxide concentration was
associated with an odds ratio of 1.21 (95% CI: 1.08-1.35) for an increase in severity of asthma attack. A
significant association with increasing carbon monoxide concentration was also found when rescue
medication use was evaluated as the asthma severity end point (Slaughter et al. 2003). Rabinovitch et al.
(2004) also found a significant association between increasing air carbon monoxide concentrations and
increasing rescue medication use in a study of children in Denver, Colorado (1999-2002, n=41-63, age
6-12 years). A panel study of 263 children (age 0-5 years) in Perth, Australia, who were not diagnosed
with asthma, also found a significant association between air carbon monoxide concentration and

wheezing/chest rattle (Rodriguez et al. 2007).

Results of studies conducted in older asthmatic subjects have been mixed (Park et al. 2005a; Silkoff et al.
2005; von Klot et al. 2002). In a panel of 53 asthmatic adults (age 37-77 years) in Erfurt, Germany
(1996-1997), a 0.6 mg/m’ increase in air carbon monoxide concentration (5-day average) was associated
with an odds ratio of 1.13 (95% CI. 1.05-1.22) for prevalence of wheezing; however, the association was
attenuated when adjusted for ultrafine particle number concentration in air. In two other panel studies of
asthmatics, one conducted in Incheon, Korea (2002, n=54, age 16-76 years; Park et al. 2005a) and one in
Denver, Colorado (n=16 or 18, age >40 years, Silkoff et al. 2005) did not find significant associations

between air carbon monoxide concentrations and asthma symptoms.

Studies of Hospital Admissions and Emergency Room Visits Related to Respiratory Symptoms. A large
number of studies have examined associations between ambient carbon monoxide concentrations and
rates of hospital admissions (e.g., Burnett et al. 2001; Cakmak et al. 2006; Karr et al. 2006; Lin et al.
2003, 2005; Linn et al. 2000; Slaughter et al. 2005; Yang et al. 2003; Zanobetti and Schwartz 2006) or
emergency room visits related to respiratory disease (¢.g., Peel et al. 2005; Slaughter et al. 2005; Tolbert
etal. 2007). Collectively, these studies provide evidence for associations between increasing carbon
monoxide concentrations and increasing risk of respiratory symptoms that trigger the need for medical
assistance. However, only a few studies have examined associations in multi-pollution models; therefore,

relative contributions of other air pollutants to the reported outcomes are highly uncertain.

In studies that did evaluate multi-pollutant models, the associations between carbon monoxide
concentrations and outcomes persisted is some studies (Burnett et al. 2001; Lin et al. 2003, Yang et al.
2003), but not in others (Lin et al. 2005; Peel et al. 2005; Tolbert et al. 2007). In a time-series analysis
conducted in Toronto, Canada (1980-1994), Burnett et al. (2001) found a significant association between

increasing air carbon monoxide concentrations and hospital admissions for asthma, acute bronchitis/
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bronchiolitis, croup, and pneumonia in children (age <2 years). A 1.9 ppm increase in air carbon
monoxide concentration (lag: 0-1 day) was associated with a 19.2% increase in hospital admissions,
which remained elevated when adjusted for air O; concentration. A case-crossover study of hospital
admissions of children (ages 6—12 years) for asthma in Toronto, Canada (1981-1993) found that a

0.5 ppm increase in air carbon monoxide concentration was associated with an odds ratio (lag: 1 day) of
1.05 (95% CI: 1.00-1.11) in males but not in females (odds ratio: 1.00, 95% CI. 0.93-1.06), and
persisted in males after adjustment for particulate matter (Lin et al. 2003). Another case-crossover study
directed at respiratory infections in children (age <15 years, males), also conducted in Toronto, Canada
(1988-2001) estimated the odds ratio for a 0.44 ppm increase in air carbon monoxide concentration (lag:
0-5 days) to be 1.13 (95% CI: 1.01-1.25) and 1.08 (95% CI. 0.97-1.20) after adjustment for PM;, and
PM; ;5 (Lin et al. 2005). Odds ratios for females were not significant. Yang et al. (2003) conducted a
case-crossover study of hospital admissions for various respiratory disease categories in Vancouver,
Canada (1986-1998) and found that an increase in carbon monoxide concentration of 0.5 ppm was
associated with odds ratios of 1.04 (95% CI. 1.01-1.07) for children (age <3 years) and 1.02 (95% CI:
1.00-1.04) for elderly adults (age >65 years). The associations persisted when adjusted for air O,
concentration. In a time-series analysis of >400,000 emergency room visits for respiratory disease in
Atlanta, Georgia (1993-2000), the estimated risk ratio for a 1 ppm increase in air carbon monoxide
concentration (lag: 0-13 days) was 1.076 (95% CI: 1,047-1.105) for all ages and 1.019 (1.004-1.035)
for asthma visits in children aged 2—18 years (Peel et al. 2005). The associations were not significant
when adjusted for other air pollutants in two-pollutant models (e.g., PM;o, NO,, or O3). This study also
found a significant risk ratio for emergency room visits related to pneumonia (risk ratio: 1.043, 95% CI:
1.011-1.080; lag: 0-13 days). A revisit to the Atlanta, Georgia study, with the study period expended to
1993-2004 (Tolbert et al. 2007), found essentially similar results as reported in Peel et al. (2005). The
risk ratio for all emergency room visits for all respiratory disease categories was 1.016 (95% CI. 1.009-
1.022) per 1.22 ppm increase in 1-hour max carbon monoxide concentration (lag: 3 days); however, the

association was attenuated in models that adjusted for O;, NO,, or PMy,.

Studies that examined COPD admissions and emergency room visits yielded mixed results (Peel et al.
2005; Slaughter et al. 2005; Yang et al. 2003). In the Yang et al. (2003) time-series study, conducted in
Vancouver, Canada (1994-1998), the risk ratio for a 0.5 ppm increase in air carbon monoxide
concentration (lag: 0-6 days) was 1.14 (95% CI: 1.03-1.23) for COPD hospital admissions. On the
other hand, significant associations between air carbon monoxide concentration and COPD hospital
admissions or emergency room visits were not found in a time-series study conducted in Spokane,

Washington (1995-2001; Slaughter et al. 2005). In the Peel et al. (2005) time-series study conducted in
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Atlanta, Georgia (1993-2000), relative risk for emergency room visits for COPD was 1.03 (95% CI:
1.00-1.05) per 1 ppm increase in carbon monoxide concentration days, and 1.03 (95% CI: 0.98-1.09) for
lag: 0-2 days, and 1.03 (95% CI. 0.98-1.09) for lag: 0-13 days. The air carbon monoxide

concentrations in these studies were similar (10"-90" percentile range: approximately 1.25-4.3 ppm)

Animal Studies. Most studies evaluating adverse respiratory effects of carbon monoxide in animals were
conducted using carbon monoxide exposures that produced much higher COHb concentrations (i.¢.,
COHb >50%) than those evaluated in controlled clinical studies in humans. Even at these high
exposures, results of animal studies support those of controlled clinical studies indicating that the
respiratory tract is not a major target organ for carbon monoxide. Animal studies published prior to 2000
have been reviewed in detail by the EPA (1991, 2000); therefore, these reviews largely form the basis of

the following discussions for animals studies published prior to 2000.

Studies investigating adverse respiratory effects of carbon monoxide have evaluated the lung function and
morphology, with most studies evaluating effects of brief exposure (i.e., a few minutes to <1 hour). In
acute-duration studies, alterations in lung function (decreased compliance and increased airway
resistance) were observed in rabbits and cats exposed to 8,000-28,400 ppm carbon monoxide for <1 hour
(COHb >60%); however no changes in lung function were observed in dogs exposed to 8,000

14,000 ppm carbon monoxide for 10-20 minutes (COHb 18-59%) (EPA 1991). In an intermediate-
duration study, continuous exposure of rats to 50 ppm carbon monoxide for 21 days (COHb not reported)
did not alter the pulmonary pressure-flow relationship (Carraway et al. 2002). Results of these studies
suggest that carbon monoxide-induced changes in pulmonary function occur only following exposure to

high carbon monoxide concentrations.

Studies evaluating effects of acute-duration carbon monoxide exposure on lung morphology have
reported conflicting results (EPA 1991). Minimal changes in type 2 epithelial cells (fragmentation of
lamellar bodies) and in nonciliated bronchiolar cells (dilation of smooth endoplasmic reticulum and
increased mitochondrial cristac) were reported in mice exposed to 50-90 ppm carbon monoxide for 1-

5 days (COHb <10%) (Niden 1971); however, study results were not presented in detail and the
toxicological significance of these finding is not known. In rabbits exposed to 8,000 ppm for 30 minutes
(COHb 63%), examination of lung tissue by electron microscopy showed alveolar epithelial edema with
detachment of the endothelium from the basement membrane (Fein et al. 1980). However, no
morphological changes in lung tissue were observed following acute exposure (30 minute to 5 hours) of

dogs and rabbits at carbon monoxide exposure producing blood COHb levels of 18-39% or following

***DRAFT FOR PUBLIC COMMENT***


http:1.00%e2%80%931.05
http:0.98%e2%80%931.09
http:0.98%e2%80%931.09

CARBON MONOXIDE 48

3. HEALTH EFFECTS

intermediate-duration exposure (6 weeks) of rabbits to 200 ppm carbon monoxide (COHb 11.9-19%)
(Fisher et al. 1969; Hugod 1980). Results of a recent study in rats exposed chronically to 200 ppm carbon
monoxide (COHb 14.7%) for 20 hours/day for 72 weeks showed no histopathological changes to lung
tissue (Serhaug et al. 2006).

Cardiovascular Effects. Cardiovascular effects of inhalation exposures to carbon monoxide have
been evaluated in controlled human clinical studies, epidemiology studies, and in various animal models
(monkeys, dogs, rats, and rabbits). In general, these studies provide convincing evidence for adverse
cardiovascular effects in association with carbon monoxide exposures that result in blood COHb levels of
2.4% and higher, with effects occurring at the lowest levels in subjects who have compromised
cardiovascular function (¢.g., coronary artery disease). Results of controlled clinical studies in patients
with coronary artery disease show that acute-duration exposure to carbon monoxide at levels producing
blood COHb levels between 2.4 and 5.9% exacerbates underlying cardiovascular disease, including

enhanced myocardial ischemia and increased cardiac arthythmias.

In healthy subjects, acute exposure to carbon monoxide at concentrations producing blood COHb levels
of 3.35 and 20.5% resulted in compensatory cardiovascular responses and decreased exercise
performance consistent with COHb-induced decreased O, carrying capacity of the blood; however,
subjects did not exhibit exercise-induced adverse cardiovascular effects (e.g., evidence of myocardial
ischemia or cardiac arrhythmias). Continuous exposure of healthy subjects, which included smokers, to
carbon monoxide resulting in blood COHb levels of 2.4 and 5.1% produced P-wave deviations under

resting conditions, although similar findings have not been reported in other studies.

Epidemiological studies of exposure to carbon monoxide and cardiovascular outcomes have yielded
mixed results; although, in general, the weight of evidence suggests that risks of certain specific outcomes
are associated with increasing ambient carbon monoxide concentrations (hospitalizations and emergency
room visits related to congestive heart failure, ischemic heart disease, myocardial infarction, and stroke).
The corroborated observations of associations between carbon monoxide exposure and outcomes related
to ischemic heart disease is particularly provocative in the context of results of human clinical studies in
which carbon monoxide-induced hypoxia exacerbated ischemia symptoms in patients with coronary
artery disease. Mean ambient air carbon monoxide concentrations reported in studies that have found
carbon monoxide-associated cardiovascular outcomes have ranged from 0.5 to 10 ppm, with maximum
values ranging from 2 to 50 ppm. These values correspond to approximate steady-state blood COHb

levels of <2% for the mean and <10% for the maximum. Studies conducted in animals provide additional
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evidence for adverse cardiovascular effects of carbon monoxide exposure, including compensatory

alterations in hemodynamics, cardiac hypertrophy, cardiac arrhythmias, and possibly atherosclerosis.

Studies in animals have investigated adverse cardiovascular effects of carbon monoxide exposure over a
much wider range of exposure conditions (e.g., exposure concentration and duration) and have evaluated
additional outcome measures that are not possible to assess in humans. These studies provide further
evidence of adverse cardiovascular effects of carbon monoxide exposure, including compensatory

alterations in hemodynamics, cardiac hypertrophy, cardiac arrhythmias, and possibly atherosclerosis.

Human Clinical Studies

Studies of Patients with Cardiovascular Disease. The effects of acute-duration carbon monoxide
exposure on cardiovascular function have been evaluated in several controlled clinical studies in patients
with underlying cardiovascular discase (Adams et al. 1988; Allred et al. 1989, 1991; Anderson ¢t al.
1973; Dahms et al. 1993; Hinderliter et al. 1989; Kleinman et al. 1989, 1998; Leaf and Kleinman 1996b;
Sheps et al. 1987, 1990) and in healthy subjects (Adir et al. 1999; Davies and Smith 1980; Hausberg and
Somers 1997; Horvath et al. 1975; Kizakevich et al. 2000; Morse ¢t al. 2008; Resch et al. 2005; Vogel
and Gleser 1972; Zevin et al. 2001). In general, similar effects of acute-duration carbon monoxide
exposure were not observed in studies on healthy study subjects, due to functional cardiovascular
compensatory mechanisms (e.g., vasodilation and increased cardiovascular output) that protect against
COHb-induced tissue hypoxia. Mechanisms contributing to cardiac effects of carbon monoxide in
patients with coronary artery disease have not been conclusively established. Under conditions of cardiac
ischemia, tissue hypoxia secondary to elevated COHb levels is thought to be a contributing factor.
However, other direct cellular effects of carbon monoxide on cardiac muscle may also be important.
These include modulation of coronary arteriole calcium-activated potassium channels. These channels
are required for membrane hyperpolarization and flow-induced dilation, and are reversibly activated by
carbon monoxide under normoxic conditions, but they are inhibited when hypoxic/ischemic conditions

prevail (Wang and Wu 1997; Wang et al. 1997a, 1997b).

Controlled clinical studies conducted in small numbers of patients with underlying coronary artery
disease have evaluated effects of carbon monoxide exposure on myocardial ischemia. Patients evaluated
had a diagnosis of coronary artery disecase with exertional angina (i.¢., exercise-induced angina or stable
angina) and/or ventricular arrhythmia. Most studies were conducted using a randomized, double-blind,

crossover design, with cardiovascular function assessments conducted during exercise challenge, either
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during or immediately following carbon monoxide exposure. Carbon monoxide exposures (concentration
and duration) were designed to reach target blood COHD levels between 2 and 6%; exposure durations
ranged from 1 to 4 hours via an environmental chamber with carbon monoxide concentrations ranging
from 42 to 357 ppm. Effects of carbon monoxide exposure were evaluated by comparison to assessments
conducted during room air exposure and at corresponding COHb concentrations (<1%). Additional

experimental details for each study are summarized in Table 3-4.

Results of controlled clinical studies in patients with coronary artery disease show that acute-duration
exposure to carbon monoxide at levels producing blood COHb levels between 2.4 and 5.9% exacerbates
underlying cardiovascular disease, including enhanced myocardial ischemia and increased cardiac
arrhythmias. In patients with exertional angina, carbon monoxide exposure exacerbated exercise-induced
myocardial ischemia, including decreased time-to-onset of angina symptoms (Adams et al. 1988; Allred
ctal. 1989, 1991; Anderson et al. 1973; Kleinman et al. 1989, 1998; Leaf and Kleinman 1996b),
increased duration of angina symptoms (Anderson et al. 1973; Kleinman et al. 1989), decreased time-to-
onset of ST-segment depression (EKG change indicative of myocardial ischemia) (Allred et al. 1989,
1991; Kleinman et al. 1989), and decreased left ventricular ejection fraction (Adams et al. 1988). At the
lowest blood COHD level evaluated in patients (i.c., COHb 2.4%), time-to-onset of angina symptoms and
of ST-segment depression were significantly decreased by 4.2 and 5.1%, respectively (Allred et al. 1989,
1991). In contrast, no carbon monoxide-induced exacerbation of exertional angina, based on time-to-
onset of angina symptoms and ST-segment depression and duration of angina symptoms, were observed
at a blood COHb level of 4.1% (Sheps et al. 1987). Clinical evaluations in angina patients with
ventricular arrhythmias have yielded mixed results on the effects of carbon monoxide-induced ventricular
arrthythmias (Dahms et al. 1993; Hinderliter et al. 1989; Sheps et al. 1990). At a blood COHb level of
5.9%, but not 4.0%, single and complex premature ventricular depolarizations were significantly
increased by 36 and 6.3%, respectively (Sheps et al. 1990). However, at this same blood COHD level,
carbon monoxide exposure did not increase ventricular arrhythmias in other studies (Dahms et al. 1993;
Hinderliter et al. 1989). Reasons for conflicting results in these studies are not readily apparent, although
numbers of patients evaluated were small and severity of underlying coronary artery disease may have

varied in each study.

Studies of Healthy Subjects. Several controlled clinical studies in small numbers of healthy subjects have
evaluated effects of acute-duration exposure to carbon monoxide on exercise performance, including
cardiovascular function. In general, study protocols were similar to those used in clinical studies on

patients with coronary artery disease, although typical carbon monoxide exposures were for shorter
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Table 3-4. Effects of Acute-duration Exposure to Carbon Monoxide on Cardiovascular Function in Patients with
Coronary Artery Disease

Reference Study subjects Design Exposure Outcomes Assessed  Results
Adams et al. 30 nonsmokers Randomized, Patients administered one of Duration of exercise, Mean duration of exercise: Decreased
1988 (22 men, 8 women; cross-over, the following treatments (via time-to-onset of exercise- by 6.5% (p<0.05) following CO

mean age:

double-blind;

58 years; age range exercise

36-75 years)
diagnosed with
coronary artery
disease with
exertional angina
pectoris

challenge tests
(bicycle)
administered
immediately
following each
exposure.

environmental chamber) on
2 test days: 1-hour exposure
to room air (measured COHb
prior to exercise challenge:
1.6+0.1%%) or CO (measured
COHb prior to exercise
challenge: 5.9£0.1%°% mean
CO concentration: 100-
200 ppm). COHb measured
by CO-Ox.

induced angina
symptoms and ischemic
ST-segment changes
(EKG), radionuclide
ventriculograph
(ventricular ejection
fraction), systolic blood

exposure, compared to air exposure.
Time-to-onset of angina symptoms:

Using actuarial analysis, subjects more
likely to experience angina symptoms
earlier in exercise following CO vs. air
exposure (p<0.05).

Time-to-onset of ischemic ST-segment

pressure. Results for CO changes: No effect of exposure.

exposure compared to
room air exposure.

Systolic blood pressure: No effect of

exposure.
Ventricular ejection fraction: Left

ventricular ejection fraction at
submaximal exercise was decreased
following CO exposure, compared to air
exposure (p<0.05).

NOAEL: Not established
LOAEL: COHb 5.9%
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Table 3-4. Effects of Acute-duration Exposure to Carbon Monoxide on Cardiovascular Function in Patients with
Coronary Artery Disease

Reference Study subjects Design Exposure Outcomes Assessed  Results
Allred et al. 63 male Randomized, Patients administered one of Time-to-onset of Time-to-onset of angina symptoms:
1989, 1991 nonsmokers (41-75 cross-over, the following treatments (via exercise-induced angina Decreased by 4.2% (p=0.027) for low

years) diagnosed

double-blind;

with coronary artery exercise

disease with
exertional angina
pectoris and
ischemic
ST-segment
changes on EKG

challenge tests
(treadmill)
administered
prior to and
immediately
following each
exposure.

environmental chamber) on
3 test days: 1-hour exposure
to room air (measured COHb
prior to exercise challenge:
0.70£0.02%%), low CO
(measured COHD prior to
exercise challenge:
2.38+0.05%% mean CO
concentration: 117 ppm,
range 42-202 ppm), or high
CO (measured COHb:

4 66+0.09%% mean CO
concentration: 253 ppm,
range 143-357 ppm). COHb
measured by GC.

symptoms and ischemic CO exposure and 7.1% (p=0.002) for

ST-segment changes high CO exposure, compared to room
(EKG), total exercise air exposure.
duration, heart rate- Time-to-onset of ischemic ST-segment

systolic blood pressure  changes: Decreased by 5.1% (p=0.01)
double product. Effects for low CO exposure and 12.1%
determined based (p=<0.0001) for high CO exposure,

comparison (percent compared to room air exposure.
change) for pre- and post- Mean duration of exercise: Decreased
exposure exercise by 1.7% (p=0.29) for low CO exposure

challenge outcomes on  and 6.2% (p<0.0001) for high CO
each test day. Results for exposure, compared to room air

each CO exposure exposure.

compared to room air Heart rate-systolic blood pressure

exposure. double product: No effect of CO
exposure.

NOAEL: Not established
LOAEL: COHb 2.38%
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Table 3-4. Effects of Acute-duration Exposure to Carbon Monoxide on Cardiovascular Function in Patients with

Coronary Artery Disease

Reference Study subjects Design Exposure Outcomes Assessed  Results

Anderson et al. 10 men (5 smokers, Randomized, Patients ad ministered one of Time-to-onset and Time-to-onset of angina symptoms:

1973 5 nonsmokers; Cross-over, the following treatments (via duration of angina Decreased by 4.2% (p=0.027) for low
mean age double-blind; environmental chamber) on  symptoms. CO exposure and 7.1% (p=0.002) for
49.9 years) with following COHb 3 test days: 4-hour exposure high CO exposure, compared to room

Dahms et al.
1993

diagnosed coronary
artery disease with
exertional angina
pectoris

33 nonsmokers

(28 men, 5 women,
mean age:

58 years; age range
36-75 years)
diagnosed with
coronary artery
disease with
chronic ventricular
arrhythmias

elevation to
target levels,
patients were
administered
exercise
challenge test
(treadmill) under
maintenance
CO exposure.

Randomized,
Cross-over,
double-blind;
following COHb
elevation to
target levels,
patients were
administered
exercise
challenge test
(treadmill) under
maintenance
CO exposure.

to room air (measured
COHD, prior to exercise
challenge: 1.3%), low CO
(measured COHb: 2.9%; CO
concentration: 50 ppm), or
high CO (measured COHb:
4.5%; CO concentration:

100 ppm). COHb measured
by spectrometry.

Patients administered one of Frequency of ventricular
the following treatments (via arrhythmias evaluated
environmental chamber) on  during exposure, during
3 test days: 1-hour exposure exercise (under

to room air (measured COHb maintenance exposure),
by CO-Ox, prior to exercise 1-6 hours after cessation

challenge: 0.7), low CO of exposure, 7-16 hours
(measured COHb: 3.2%; after cessation of

mean CO concentration: exposure. Primary

159 ppm), or high CO outcome was frequency
(measured COHb: 5.1%; of exercise-induced
mean CO concentration: ventricular arrhythmias.
292 ppm). Maintenance Results for CO exposure

exposure on the CO compared to room air
exposure days was to 19 and exposure.

31 ppm for the low and high

COHb exposures,

respectively. COHb

measured by CO-Ox.

air exposure.
Duration of angina symptoms: No

effect for low CO exposure; duration
increased (p<0.01) for high CO
exposure, compared to room air
exposure.

NOAEL: Not established
LOAEL: COHb 2.9%

No effect of CO, compared to room air,
on frequency of ventricular arrhythmia
under any conditions assessed.

NOAEL: COHb 5.9%
LOAEL: Not established
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Table 3-4. Effects of Acute-duration Exposure to Carbon Monoxide on Cardiovascular Function in Patients with

Coronary Artery Disease

Reference Study subjects Design Exposure Outcomes Assessed  Results
Hinderliter et al. 10 nonsmokers Randomized, Patients administered one of Ventricular arrhythmia. No effect of CO, compared to room air,
1989 (7 males, Cross-over, the following treatments (via Results for CO exposure on frequency of ventricular arrhythmia.

3 females; mean double-blind; environmental chamber) on  compared to room air

age 61 years) exercise 3 test days: 1-hour exposure exposure. NOAEL: COHb 5.9%

diagnosed with challenge tests to room air (measured COHb LOAEL: Not established

coronary artery (bicycle) following exposure:

disease with angina administered 1.410.5%b), low CO

and low basesline immediately (measured COHDb following

ventricular ectopy  following each  exposure: 4.0+0.4%"; CO

exposure concentration: 100 ppm), or

high CO (measured COHb
following exposure:
5.8+0.4%"; CO
concentration: 200 ppm).
COHb measured by CO-Ox.
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Table 3-4. Effects of Acute-duration Exposure to Carbon Monoxide on Cardiovascular Function in Patients with
Coronary Artery Disease

Reference Study subjects Design Exposure Outcomes Assessed  Results

Kleinman et al, 24 male Randomized, Patients administered one of Time-to-onset and Time-to-onset of angina: Decreased by

1989 nonsmokers (mean Cross-over, the following treatments (via duration of angina 5.89% (p<0.046) following CO
age: 59 years; age double-blind; environmental chamber) on  symptoms, time-to-onset exposure, compared to room air
range: 49— exercise 2 test days: 1-hour exposure of ischemic ST-segment exposure.
66 years) challenge tests to room air (measured COHb changes (EKG), heart Duration of angina symptoms:
diagnosed with (bicycle) following exposure: rate, systolic blood Increased by 8.33% (not statistically
coronary artery administered 1.4+0.1%°) or CO (measured pressure, oxygen update significant) following CO exposure,
disease with stable immediately COHb following exposure: at angina. Results for CO compared to room air exposure.
angina pectoris following each  3.0£0.1%°; mean CO exposure compared to Time-to-onset of ischemic ST-segment

exposure concentration: 100ppm). room air exposure. changes: Decreased by 19.05%
COHb measured by CO-Ox. (p<0.044) following CO exposure,

compared to room air exposure.
Oxygen uptake at angina: Decreased
by 2.15% (p<0.04) following CO
exposure, compared to room air
exposure.

Systolic blood pressure: No effect of
exposure

Heart rate: No effect of exposure.

NOAEL: Not established
LOAEL: COHb 3.0%
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Table 3-4. Effects of Acute-duration Exposure to Carbon Monoxide on Cardiovascular Function in Patients with
Coronary Artery Disease

Reference Study subjects Design Exposure Outcomes Assessed  Results
Kleinman etal. 17 male Randomized, Patients administered one of Time-to-onset and Time-to-onset of angina: Decreased by
1998; Leafand nonsmokers (mean cross-over, the following treatments (via duration of angina 9.1% (p<0.05) following CO exposure at
Kleinman 1996b age: 66 years; age double-blind; environmental chamber) on  symptoms, ST-segment sea level and by 7.6% (p<0.05)
range: 58- exercise 4 test days: 2-hour exposure depression and following CO exposure at high altitude,
83 years) living at  challenge tests to room air at sea level preventricular compared to matched room air
or near sea level, (bicycle) (measured COHDb following  contractions (EKG), peak exposure.
diagnosed with administered exposure: 0.610.3%b), room (end-exercise) heart rate, Duration of angina symptoms: No
coronary artery immediately air at artificial high elevation blood pressure, oxygen effect of CO exposure.
disease with following each  (measured COHb following  update, and carbon ST-segment changes: No effect of CO
exertional angina  exposure at sea exposure: 0.610.3%b), CO at dioxide output. Results exposure.
pectoris levels and under sea level (measured COHb: for CO exposure Preventricular contractions: No effect
conditions 3.940.5%°; mean CO compared to room air of CO exposure
simulating high  concentration: 100 ppm), or exposure. Peak heart rate: Increased (p<0.05) for
altitude. CO at artificial high elevation CO at high altitude compared to CO at
(measured COHb: sea level and to room air at high
4.0£0.6%"; mean CO altitude.
concentration: 100 ppm), Peak blood pressure: Increased
COHb measured by CO-Ox. (p<0.05) for CO at high altitude

compared to room at CO at sea level.
Oxygen uptake and carbon dioxide
output: Decreased (p<0.05) by CO
exposure at sea level and high altitude.

NOAEL: Not established
LOAEL: COHb 3.9-4.0%
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Table 3-4. Effects of Acute-duration Exposure to Carbon Monoxide on Cardiovascular Function in Patients with

Coronary Artery Disease

Reference Study subjects Design Exposure Outcomes Assessed  Results

Sheps et al. 30 nonsmokers Randomized, Patients administered one of Time-to-onset and No statistically significant CO-induced

1987 (age range 38- Cross-over, the following treatments (via duration of angina changes for any outcomes, except for a
75 years) with double-blind; environmental chamber) on  symptoms, ST-segment small (0.5% decrease; p=0.049) in

diagnosed coronary exercise

artery disease with challenge tests

exertional angina
pectoris

(bicycle)
administered
immediately
following each
exposure.

2 test days: 1-hour exposure depression,

to room air (measured COHb cardiovascular function

following exposure: (heart rate, blood

1.510.05%b) or CO pressure, rate x pressure

(measured COHDb following  product, peak exercise

exposure: 4.110.05%b; CO workload, left ventricular

concentration: 100 ppm). ejection fraction),

COHb measured by CO-Ox. exercise duration.
Results for CO exposure
compared to room air
exposure.

maximal ejection fraction. Study authors
did not consider this change to be
clinically significant.

NOAEL: COHb 4.1%
LOAEL: Not established
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Table 3-4. Effects of Acute-duration Exposure to Carbon Monoxide on Cardiovascular Function in Patients with

Coronary Artery Disease

Reference Study subjects Design Exposure Outcomes Assessed  Results
Sheps et al. 41 nonsmokers Randomized, Patients administered one of Ventricular arrhythmia For COHb 4.01%: No effects on any
1990 (36 men, 5 women; cross-over, the following treatments (via (EKG) and ventricular parameter evaluated.
mean age: double-blind; environmental chamber) on  ejection fraction
62.8 years; age exercise 3 test days: 1-hour exposure (radionuclide For COHb 5.91%: During exercise,
range: 47— challenge tests to room air (measured COHb ventriculography), blood statistically significant changes in single
77 years) with (bicycle) following exposure: pressure, heart rate, premature ventricular depolarizations
diagnosed coronary administered 1.4610.07%°), low CO exercise duration. (36% increase; p=0.03), complex
artery disease immediately (measured COHDb following  Results for CO exposure premature ventricular depolarizations
following each  exposure: 4.01£0.06%° CO compared to room air (6.3% increase; p=0.02), heart rate
exposure. concentration: 100 ppm), or exposure. (3.2% increase; p=0.01),

high CO (measured COHb
following exposure:
5.91+0.08%°; CO
concentration: 200 ppm).
COHb measured by CO-Ox.

NOAEL: COHb 4.01%
LOAEL: COHb 5.91%

“meanztstandard error (SE)
®meanzstandard deviation (SD)
‘means; report does not indicate if SD or SE

CO = carbon monoxide; COHb = carboxyhemoglobin; CO-Ox = CO oximetry; EKG = electrocardiogram; GC = gas chromatography; LOAEL = lowest-observed-adverse-

effect level; NOAEL = no-observed-adverse-effect level
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3. HEALTH EFFECTS

durations (a few minutes to <1 hour) to higher carbon monoxide concentrations (50-3,000 ppm), and
produced slightly higher blood COHD levels (2.4-20.5%). However, one study exposed subjects
continuously for 7 days (Davies and Smith 1980). Additional experimental details for each study are

summarized in Table 3-5.

Results of several controlled clinical studies in healthy subjects show that carbon monoxide exposures
that resulted in blood COHDb levels between 3.35 and 20.5% decreased exercise performance, including
decreased exercise duration (Adir et al. 1999); decreased maximal exercise effort or maximal acrobic
capacity (Adir et al. 1999; Horvath et al. 1975; Vogel and Gleser 1972); decreased resistance to muscle
fatigue (Morse et al. 2008); and induced compensatory increases in heart rate and cardiac output
(Kizakevich et al. 2000; Vogel and Gleser 1972). The above effects on exercise performance are
consistent with COHb-induced decreased O, carrying capacity of the blood and normal physiological
compensatory mechanisms. Evaluations on the potential for carbon monoxide exposure to produce
exercise-induced cardiac arrhythmias similar to those observed in patients with coronary artery discase
(i.e., ST-segment depression and premature ventricular contractions) have yielded negative results at
blood COHD levels up to 5.1% (Adir et al. 1999; Horvath et al. 1975; Kizakevich et al. 2000), although
the potential for carbon monoxide-induced cardiac arrhythmias during exercise challenge was not
evaluated at higher blood COHD levels. In subjects (including smokers and nonsmokers) exposed
continuously for 7 days and evaluated at rest, EKG showed P-wave deviations in 3/15 subjects exposed to
15 ppm carbon monoxide (COHb 2.4%) and in 6/15 subjects exposed to 50 ppm carbon monoxide
(COHb 5.1%), compared to 0/14 in subjects exposed to room air (Davies and Smith 1980). In one
subject, a heavy smoker, marked ST-depression also was observed. However, interpretation of these
findings is limited due to lack of statistical analyses and of evaluation for potential confounding factors
(e.g., smoking, medication use). Other studies evaluating effects of a single 1-hour exposure to carbon
monoxide (Hausberg and Somers 1997) or repeated brief exposures to carbon monoxide (approximately
once every 45 minutes to simulate smoking; Zevin et al. 2001) on cardiovascular function (blood
pressure, heart rate, forearm blood flow) under resting conditions show no effects at blood COHb levels

up to 8.3%.

In conclusion, results of controlled clinical studies in patients with cardiovascular disease provide
compelling evidence that acute-duration exposure to carbon monoxide resulting in COHb levels of 2.4—
5.8% exacerbates cardiovascular morbidity (myocardial ischemia and cardiac arrythmias). Effects at
lower blood COHb levels have not been evaluated. However, it should be noted that patients with more

severe cardiovascular disease may be more sensitive than patients evaluated in these clinical studies. In

***DRAFT FOR PUBLIC COMMENT***



»+LNIFWWNOD O179Nd O LAY HTxx

Table 3-5. Effects of Acute-Duration Carbon Monoxide Exposure on Cardiovascular Function in Healthy Subjects

Reference Study subjects  Design Exposure Qutcomes assessed Results
Adiret al. 1999 15 healthy Randomized, Subjects administered Level of anaerobic Anaerobic respiration: No effect of CO
nonsmoking men Cross-over, one of the following respiration (plasma exposure.
(mean age: double-blind; treatments (via closed lactate/pyruvate ratio), Cardiac arrhythmia: No effect of CO
26 years; age exercise challenge breathing circuit) on cardiac arrhythmia (EKG), exposure.
range: 18— tests (bicycle) 2 test days: 3- heart rate and blood Cardiac perfusion: No effect of CO
35 years) administered 4 minute exposure to  pressure (resting and exposure.
immediately room air (COHb: peak), cardiac perfusion  Heart rate and blood pressure: No effect of
following each 0.59+0.08%%) or CO (thallium heart CO exposure.
exposure. (measured COHb: scintigraphy), exercise Exercise duration: Decreased by 10.4%
5.1+0.65%% CO duration, maximal effort  (p=0.0012) for CO exposure compared to air
concentration not (metabolic equivalent exposure.
reported). COHb units). Maximal effort: Decreased by 12.4%
measured by CO-Ox. (p=0.001) for CO exposure compared to air
exposure.
NOAEL: Not established
LOAEL: COHb 5.1%
Davies and Groups (14— Randomized, Continuous exposure  EKG; no statistical P-wave changes: P-wave deviations of 20.1
Smith 1980 15/group) of parallel group to room air (COHb analysis conducted. mV observed in 3/15 subjects at low CO and

matched healthy
(no information on
sex reported; age
range 17—

27 years)

0.5%), low CO (15 ppm
CO; COHb 2.4%) or
high CO (50 ppm CO;
COHb 7.2%) for 7 days

6/15 at high CO, compared to 0/14 for room
air.

Marked ST-segment depression:

1/15 subject (a heavy smoker) at low CO
exposure.

NOAEL: Not established
LOAEL: COHb 2.4%
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Table 3-5. Effects of Acute-Duration Carbon Monoxide Exposure on Cardiovascular Function in Healthy Subjects

Reference Study subjects  Design Exposure Qutcomes assessed Results
Hausberg and 10 healthy Randomized, Subjects were Forearm blood flow No effects of CO treatment on any
Somers 1997 subjects (8 men, double-blind, assessed under vehicle (plethysmography), blood parameter evaluated.

2women; mean vehicle (air) control (room air), then pressure, heart rate,

age: 27 years);  controlled administered CO minute ventilation, muscle NOAEL: COHb 8.3%

9/10 were (1,000 ppm for sympathetic nerve activity LOAEL: Not established

nonsmokers 30 minutes, followed by (microneurography)

100 ppm for

30 minutes); COHb
increased from
0.2+0.1%" for room air
exposure to 8.3+0.5%"
during the first 30
minutes of exposure;
COHb levels were
maintained during the
second 30 minutes of
CO exposure. COHb
measured by CO-Ox.
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Table 3-5. Effects of Acute-Duration Carbon Monoxide Exposure on Cardiovascular Function in Healthy Subjects

Reference Study subjects  Design Exposure Qutcomes assessed Results
Horvath et al. 4 healthy men Randomized, Subjects administered EKG, maximal aerobic EKG: No effect of CO exposure.
1975 (mean age: single-blind, cross- one of the following capacity (maximal oxygen Maximal aerobic capacity: Decreased at
24 .6 years; age  over, exercise treatments (via consumption), work time, high CO exposure (p<0.05).
range: 23— challenge tests environmental ventilatory volume Ventilatory volume and work times:
33 years); (treadmill) to chamber) on 3 test Decreased at low and high CO exposure
3/4 were exhaustion days exposure duration (p<0.05).
nonsmokers administered not reported): Vehicle
immediately exposure to room air NOAEL: Not established
following each (measured COHb LOAEL: COHb 3.35%
exposure. following exgosure:

0.331£0.06%"), low CO
(measured COHb
following exgosure:
3.35+0.14%"; CO
concentration:

75 ppm), or high CO
(measured COHb
following exgosure:
4.30+0.30%"; CO
concentration: 100
ppm). Method for
measuring COHb not
reported.
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Table 3-5. Effects of Acute-Duration Carbon Monoxide Exposure on Cardiovascular Function in Healthy Subjects

Reference Study subjects  Design Exposure Qutcomes assessed Results
Kizakevich et al. 16 healthy Randomized, Subjects exposed to  Cardiac rhythm, output, Cardiac rhythm: No effects of CO exposure,

2000

Morse et al.
2008

Resch et al.
2005

nonsmoking men
(age range: 18-
29 years)

12 healthy
nonsmoking men
(mean age:

25 years)

6 healthy
nonsmoking men
(mean age:

26 years)

cross-over (no
details on blinding
reported); upper
(handcrank) and
lower body
(treadmill) exercise
challenges at
submaximal effort
administered
following
exposure.

Cross-over;
skeletal muscle
fatigue challenge
administered
following exposure

Randomized,
Cross-over,
double-blind

CO (concentrations
1,000-3,000 ppm) for
4-6 minutes, followed
by maintenance CO
exposure (27-100
ppm) on separate test
days: Room air
(COHDb: 1.8%); CO-1
(COHDb: 5.0%); CO-2
(COHDb: 9.8%); CO-3
(COHb: 14.8%); CO-4
(COHDb: 19.2%).
COHb measured by
CO-Ox.

Room air or 3,000 ppm
for 6 minutes (COHb
6.2%)

Subjects administered
the following
treatments: Room air
(COHDb 1.2%), 500 ppm
for 30 minutes (COHb
8.5%; 500 ppm for 30
minutes (COHb 9.4%).

stoke volume, heart rate,
and contractility, time-to-
peak ejection time, blood
pressure.

Leg strength, muscle
fatigue assessed during
voluntary and electrically
evoked muscle
contractions

Retinal and submacular
choroidal blood flow

compared to room air exposure; no
arrhythmias or ST-segment depression.
Compensatory changes associated with
reduced oxyden carrying capacity:
Significant increases in heart rate at all CO
exposures and cardiac contractility at COHb
9.8%.

NOAEL: Not established
LOAEL: COHb 5.0%

Resistance to muscle fatigue decreased
under voluntary (13% decrease; p<0.05)
and electrically evoked stimulation (12.5%
decrease; p<0.05). No effect on leg
strength.

NOAEL: Not established
LOAEL: COHb 6.2%

Significant increases in retinal and choroidal
blood flow and retinal vessel diameter at
COHDb 28.5%. Study authors state that
relationship of this finding to tissue hypoxia
iS unknown.

NOAEL: Not established
LOAEL: COHb 8.5%
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Table 3-5. Effects of Acute-Duration Carbon Monoxide Exposure on Cardiovascular Function in Healthy Subjects

Reference Study subjects  Design Exposure Qutcomes assessed Results
Vogel and 8 men, including Randomized, 1-hour exposure to air Maximal oxygen uptake At rest, no effect of CO exposure. At
Gleser 1972 3 smokers (age  cross-over (no (COHb 1.0-1.7%) or  assessed at rest and at submaximal exercise, no change in oxygen
range: 20— details on blinding 225 ppm CO (COHb  submaximal and maximal uptake due to compensatory increase in
23 years) reported); exercise 18.6—20.5%) exercise cardiac output. At maximal exercise,
challenges oxygen uptake decreased by 23% (p<0.001)

administered
during exposure.

Zevin et al. 2001 12 healthy men Single-blind, cross- Subjects exposed to Heart rate, blood pressure,

(smokers; age OVer;
range: 27-47)

3 treatments for catecholamine release,
durations of 7 days platelet activation, white
each: Room air (COHb blood cell count,
0.4%), 1,200 ppm CO C-reactive protein
inhalation 20 times/day (inflammation marker)
(~every 45 minutes,

20 times/day to

simulate smoking

(COHb 6%), or

20 cigarettes/day

(COHDb 5%).

NOAEL: Not established
LOAEL: COHb 18.6-20.5%

CO exposure: No effect on serum levels of
CRP or platelet factor 4, heart rate, blood
pressure, or catecholamine release,
compared to room air.

Smoking: Significant elevation in serum
levels of CRP and platelet factor 4,
increased heart rate, or catecholamine
release, compared to room air. No effect on
blood pressure.

NOAEL (CO): COHb 6%
LOAEL (CO): Not established

“meant standard deviation (SD)
®meant standard error (SE)
‘means; report does not indicate if SD or SE

CO = carbon monoxide; COHb = carboxyhemoglobin; CO-Ox = CO oximetry; EKG = electrocardiogram; GC = gas chromatography; LOAEL = lowest-observed-adverse-

effect level; NOAEL = no-observed-adverse-effect level
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3. HEALTH EFFECTS

healthy subjects, acute exposure to carbon monoxide at concentrations producing blood COHD levels of
3.35 and 20.5% resulted in compensatory cardiovascular responses and decreased exercise performance
consistent with COHb-induced decreased O, carrying capacity of the blood; however, subjects did not
exhibit exercise-induced adverse cardiovascular effects (¢.g., evidence of myocardial ischemia or cardiac
arrhythmias). Continuous exposure of healthy subjects, which included smokers, to carbon monoxide
resulting in blood COHb levels of 2.4 and 5.1% produced P-wave deviations under resting conditions,

although similar findings have not been reported in other studies.

Epidemiological Studies. Epidemiological studies of exposure to carbon monoxide and cardiovascular
outcomes fall into two major categories: (1) studies that have assessed cardiovascular morbidity in
cohorts or individuals (¢.g., case-crossover, case-control) in association with ambient air carbon
monoxide concentrations; and (2) studies that have evaluated associations between air carbon monoxide
concentrations and the incidence of hospital admissions and/or emergency room visits related to
cardiovascular disease (¢.g., time-series studies, case-crossover). Collectively, these studies have yielded
mixed results; although, in general, the weight of evidence suggests that risks of certain specific outcomes
are associated with increasing ambient carbon monoxide concentrations (hospitalizations and emergency
room visits related to congestive heart failure, ischemic heart disease, myocardial infarction, and stroke).
Corroborated observations of association between carbon monoxide exposure and outcomes related to
ischemic heart disease are consistent with results of human clinical studies that have shown that carbon
monoxide-induced hypoxia exacerbates symptoms of coronary artery disease. Therefore, it is plausible
that in certain susceptible populations, such as individuals who have ongoing cardiac impairment that
would make them vulnerable to ischemia, exposure to carbon monoxide could contribute to triggering
ischemic episodes and cardiac sequelac. While these studies provide some evidence in support of adverse
cardiovascular effects of inhalation exposures to carbon monoxide, their utility for establishing dose-
response relationships for these effects are limited by several factors: (1) reliance on area monitoring for
estimating exposure levels; 2) uncertainty in knowledge of temporal correspondence between monitored
exposure levels and outcomes; (3) relatively strong correlations between ambient air carbon monoxide
concentrations and other air quality variables that can affect respiratory function; (4) outcomes
investigated have tended to be serious, life-threatening events (¢.g., cardiac arrhythmia, myocardial,
infarction, stroke, heart failure) and reflect the “late-stage™ consequences of contributing pathophysiology
that might be associated with exposures to lower levels of carbon monoxide for longer durations than
indicated in the epidemiological studies; and (5) relatively low carbon monoxide exposures studied.
Mean values of carbon monoxide exposure concentrations have ranged from 0.3 to 4.6 ppm with the

highest values <30 ppm. These values correspond to predicted steady-state COHb levels of <1% for the

***DRAFT FOR PUBLIC COMMENT***



CARBON MONOXIDE 66

3. HEALTH EFFECTS

mean and <5% for the highest values (predicted from the CFK model). The latter range is consistent with
COHBD levels observed in a study of emergency department admissions for cardiopulmonary complaints
(Leikin and Vogel 1986). At these COHD levels, it is possible that only highly susceptible individuals
exhibit the serious cardiovascular outcomes that have been studied. Clinical studies described previously
in this section of the Toxicological Profile have found that exposures to carbon monoxide that produce
COHBD levels 2.4-5% can exacerbate underlying cardiovascular disease, including exercise-induced
angina and cardiac arrhythmia; however, higher levels (3-20%) can be tolerated without producing such
effects, even under exertion, in health individuals. For these and other reasons, epidemiologic studics
have typically focused on highly susceptible populations. A typical design has been to examine
associations between temporal trends in ambient air carbon monoxide concentrations and hospital
admissions or emergency department visits for which the reported diagnosis was some form of

cardiovascular disease of impairment.

The presentation of the epidemiology is organized by major categories of cardiovascular outcomes for
which the studies were designed to evaluate, which include studies of heart rate and heart rate variability,
cardiac arrhythmia, ischemic heart disease and related subcategories (¢.g., myocardial infarction), heart
failure, stroke, and blood pressure. Study conclusions are presented in the text, with selected supporting
details presented in tabular form. Although most of the studies explored various time lags between
monitored air carbon monoxide concentrations and outcomes, as well as various sample strata, for the
sake of brevity, only those indicative of the strongest associations to carbon monoxide are presented in

the tables. Where co-pollutant models have been explored, these results are also presented.

Studies of Heart Rate (HR) and Heart Rate Variability (HRV). Studies of associations between exposure
to carbon monoxide and various measures of HR and HRV have yielded mixed results (Table 3-6).
Carbon monoxide exposure concentrations in these studies represent relatively narrow time periods (e.g.,
averages over 1-5 days prior to the end point assessment). Mean values of carbon monoxide exposure
concentrations ranged from 0.3 to 4.6 ppm, with the highest values <30 ppm (predicted steady-state
COHb%: <5). Significant associations between increasing carbon monoxide exposure and increasing
HR were found in some studies (Liao et al. 2004; Peters et al. 1999) and not in others (Gold et al. 2000).
Assessments of HRV found significant associations with increasing carbon monoxide exposure in some
studies (Dales 2004; Riojas-Rodriguez et al. 2006; Schwartz et al. 2005; Tarkiainen et al. 2003; Timonen
et al. 2006) and no associations with HRV in other studies (Chan et al. 2005; Gold et al. 2000; Holguin et
al. 2003; Liao et al. 2004; Park et al. 2005b). In general, associations for HRV end points were not robust

for various measures of HRV across studies. For example, assessments of standard deviation of the
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Cardiovascular Disease

Table 3-6. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and

Study

Design features

CO exposure

Effect size

Heart rate and heart rate variability

Chan et al. (2005)
Period: 2001-2002
Location: Taipei, Taiwan

Dales (2004)
Period: NR

Location: Toronto, Canada

Gold et al. (2000)
Period: 1997
Location: Boston,
Massachusetts

Holguin et al. (2003)
Period: 2000

Location: Mexico City, Mexico

Liao et al. (2004)
Period: 1996-1998

Location: Various U.S. cities

Park et al. (2005b)

Period: 2000-2003
Location: Boston,

Massachusetts

Outcome: HRV

Design: Panel

Sample: 83 patients, age 43—
75 years

Outcome: HRV

Design: Panel

Sample: 36 subjects with
preexisting CAD, age 51—

88 years

Outcome: HR and HRV
Design: Panel/Cohort
Sample: n=21, age 53-87

Outcome: HRV
Design: Panel
Sample: n=34 age 60-90 years

Outcome: HR HRV.
Design: Cohort

Sample: n=6784, age 45—
64 years

Outcome: HRV

Design: Panel/Cohort
Sample Description: n=497
males, age 21-81 years

Avg time: 1 hour
Mean 1.1 ppm
Range: 0.1-7.7 ppm

Avg time: 24 hours
Mean 95"%: 2.40 ppm
Range: 0.4-16.5 ppm

Avg time: 24 hours
Mean: 0.47 ppm
Range: 0.12-0.82 ppm

Avg time: 24 hours
Mean: 3.3 ppm
Range: 1.8, 4.8 ppm

Avg time: 24 hours
Mean 0.65 ppm
SD: 0.44 ppm

Avg time: 24 hours
Mean: 0.50 ppm
Range: 0.13-1.8 ppm

No statistically significant effect on SDNN,
rMSSD, LFV, HFV

Increment: NR

Regression coefficient (95% CI):

SDNN (not taking B-blockers): 0.0111 (0.002-
0.020, p=0.02)

No statistically significant effect on HRV among
those taking B-blockers

Increment: 0.6 ppm
% Change (lag 2 day):
No significant effect of CO on HR or HRV

Increment: 10 ppm

Regression coefficients (95% CI), lag 0 day:
HFV: 0.003 (-0.004-0.001)

LFV: 0.001 (-0.006-0.008)

LFV/HFV: 0.001 (-0.005-0.002)

Increment: 0.44 ppm
Regression coefficient, lag 1 day:
HR (bpm): 0.404 (p<0.05)

HFV (log transformed): -0.033
LFV (log transformed): 0.006
SDNN: -0.274

Increment: 0.24 ppm

% Change in HRV (95% CI), 4-hour moving avg:
SDNN (log10): 2.0 (-2.9-7.3)

HFV (log10): 8.8 (-4.6—-24.1)

LFV(log10): 3.2 (-7.0-14.6)

LFV:HFV(log10): -5.1 (-13.5-4.1)
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Study Design features CO exposure Effect size
Peters et al. (1999) Outcome: HR Avg time: 24 hours Increment: 6.6 mg/m3
Study: 1984-1985 Design: Cohort Mean: 3.9 ppm Mean change in HR, bpm (95% CI), lag 0 day:
Location: Augsburg, Germany Age Groups Analyzed: 25— Range: 0.8-10.0 ppm All: 0.97 (0.02-1.91)
64 years Male: 0.95 (-0.37-2.27)
Sample: n=2,681, age 25— Female: 0.98 (-0.37-2.34)
64 years
Riojas-Rodriguez et al. (2006) Outcome: HRV Avg time: 24 hours Increment: 1 ppm
Period: 2001-2002 Design: Panel Mean: 2.9 ppm Regression coefficients (95% ClI, lag 5 minutes:
Location: Mexico City, Mexico Sample: n=30, age 25-76 years Range: 0.1-18.0 ppm HFV: -0.006 (-0.023 to 0.010)

LFV: -0.024 (-0.041 to -0.007)
VLFV: -0.034 (-0.061 to -0.007)

Schwartz et al. (2005) Outcome: HRV Avg time: 24 hours Increment: 0.16 ppm
Period: 1999 Design: Panel Median: 0.45 ppm % Change in HRV (95% CI), lag 1 day):
Location: Boston, Sample: n=28, age 61-89 years 25"-75"%: 0.38-0.54 ppm  SDNN: -4.2 (-0.6 to -7.7)
Massachusetts rMSSD: -10.2 (-2.4 to -17.4)
PNN50: -14.8 (-3.0 t0 -25.2)
LFV/HFV: 6.2 (-0.6 to 13.4)
Tarkiainen et al. (2003) Outcome: HRV Avg time: 24 hours Increment: NR
Period: 1997-1998 Design: Panel Mean: 4.6 ppm RR (95% CI, lag 5 minutes)
Location: Kuopio, Finland Sample: n=6 males, age 55-68 Range: 0.5-27.4 ppm CO>2.7 ppm: Significant increase in rMSSD
years (2.4 ms, p=0.034).

CO <27 ppm: No significant association between
CO and NN, SDNN, or rMSSD

Timonen et al. (2006) Outcome: HRV Avg time: 24 hour Increment: 1 mg/m3

Period: 1998-1999 Design: Panel Mean: 0.3-0.5 ppm B coefficient (95% CI), lag 2 days
Location: Amsterdam, Sample: n=131, age 64— Range: 0.1-2.2 ppm SDNN: -5.96 (-10.7,-0.72) |
Netherlands; Erfert, Germany; 72 years HF: -30.7 (-59.8, -1.5)

Helsinki, Finland LH/HF: -10.1 (-36.9, 16.7)
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Table 3-6. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and
Cardiovascular Disease

Study Design features CO exposure Effect size

Cardiac arrhythmia

Berger et al. (2006) Outcome: SVT and VT 24 hour Avgtime: 24 hours Increment: 0.22 mg/m3
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Period: 2000-2001
Location: Erfurt, Germany

Dockery et al. (2005)
Period: 1995-2002
Location: Boston,
Massachusetts

Gold et al. (2005)
Period: 1999
Location: Boston,
Massachusetts

Metzger et al. (2007)
Period: 1993-2002
Location: Atlanta, Georgia

Peters et al. (2000b)
Period: 1995-1997
Location: Eastern
Massachusetts

Rich et al. (2004)
Period: 2000
Location: Vancouver, Canada

Rich et al. (2005)
Period: 1995-1999
Location: Boston,
Massachusetts

ECG)

Design: Panel

Sample: 57 males with CHD,
age 52-76 years

Outcome: Tachycardia
Design: Panel

Sample: n=203 with ICDs, age
19-90 years

Outcome: ST-segment
Design: Panel

Sample: n=24, age 61-68 years

Outcome: CAR, VT

Design: Panel

Sample: n=518 with ICDs, with
=21 VT event, age 15-88 years
Outcome: VT or fibrillation
Design: Panel

Sample: n=100 with ICDs, mean

age 62 years

Outcome: CAR

Design: Case-crossover
Sample: n=34 with 21 ICD
discharge, age 15-85 years
Outcome: VAR

Design: Panel/Case-crossover
Sample: n=203 with implanted
ICDs

Mean: 0.45 ppm
Range: 0.10-1.68 ppm

Avg time: 24 hours
Median: 0.8 ppm
25"-75"%: 0.53—1.02 ppm

Avg time: 5 hours
Median: 0.52 ppm
10"-90"%: 0.20-1.08 ppm

Avg time: 1 hour
Mean 1.7 ppm
Range: 0.1-7.7 ppm

Avg time: 24 hours
Mean 0.58 ppm
25"-75"%: 0.66 ppm

Avg time: 24 hours
Mean: 0.553 ppm
Interquartile range: 0.162 ppm

Avg time: 24 hours
Median: 0.78 ppm
25"-75"%: 0.52-1.03

RR for SVT (95% Cl), 5-day avg:
1.18 (1.04-1.35)

Increment: 0.48 ppm

OR for VT (95% ClI), lag 2-day:

All: 1.14 (0.95-1.29)

AR <3 days prior: 1.65 (1.17-2.33)

Significant association between CO and

ST-segment depression did not persist in multiple

pollutant models

Increment: 1 ppm
OR for VT (95% CI), lag 0 day:
All: 0.999 (0.970-1.028)

Increment: 0.65 ppm

OR for 210 defibrillated discharges (95% CI):
Lag 3: 1.98 (1.05-3.72)

Lag 5-day avg: 1.94 (1.01-0.75)

No significant effect of CO (quantitative results
not reported)

Increment: 0.5 ppm
OR: (95% CI), lag 0-2 day): 1.11 (0.88-1.40)
(also not significant at other lags)
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Cardiovascular Disease

Table 3-6. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and

Study

Design features

CO exposure

Effect size

Outcome: VAR
Design: Case-crossover

Rich et al. (2006b)

Period: 2001 and 2002

Location: St. Louis, Missouri
=1 ICD CAR recorded

Rich et al. (2006a) Outcome: AF
Period: 1995-1999

Location: Boston, Sample: n=203 with ICDs

Massachusetts
Sarnat et al. (2006) Outcome: CAR
Period: 2000 Design: Panel

Location: Steubenville, Ohio
90 years

Vedal et al. (2004) Outcome: CAR
Period: 1997-2000 Design: Panel
Location: Vancouver, Canada Sample: n=50 with ICDs and

=1 CAR event/4 years, age 12—

77 years

Cardiac arrest

Levy et al. (2001) Outcome: Cardiac arrest

Period: 1988-1994 Design: Case-crossover

Location: Seattle, Washington Sample: 362 cases, age 25—
75 years

Outcome: Cardiac arrest
Design: Case-crossover
Sample: 1,542 cases, median
age 69 years

Sullivan et al. (2003)
Period: 1985-1994
Location: Washington State

Sample description: n=60 with

Design: Panel/ case-crossover

Sample 32 nonsmoking, age 53—

Avg time: 24 hours
Median: 0.5 ppm
25"-75"%: 0.6 ppm

Avg time: 24 hours
Median: 0.78 ppm

25"-75"%: 0.52—1.03 ppm

Avg time: 24 hours
Mean: 0.02 ppm
Range 0-1.5 ppm

Avg time: 24 hours
Mean: 0.6 ppm
Range: 0.3-1.6 ppm

Avg time: 24 hours
Mean: 1.79 ppm
Range: 0.52-5.92 ppm

Avg time: 24 hours
Mean: 1.92 ppm
Range: 0.52-7.21 ppm

Increment: 0.2 ppm
OR for VAR (95% CI), lag 0—1 day: 0.99 (0.80-
1.21)

Increment: 0: 0.58 ppm

OR for AF (95% CI):

Lag 0: 0.87 (0.56-1.37)

Lag 0-23 hours: 0.71 (0.39-1.28)

Increment. 0.2 ppm

RR (95% CI), 5-day moving avg:
SVE: 0.99 (0.76-1.29)

VE: 1.05(0.75-1.46)

Increment: 0.2 ppm
No significant effect for CO (results shown in
plots)

RR (95% CI), lag 1 day:
0.99 (0.83-1.18)

Increment: 1.02 ppm
OR (95% CI):

Lag 0: 0.95 (0.85-1.05)
Lag 1: 0.97 (0.87-1.08)
Lag 2: 0.99 (0.89-1.11)
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Study Design features CO exposure Effect size
Myocardial infarction
Peters et al. (2001) Outcome: Onset of Ml Avg time: 24 hours Increment: 1 or 0.6 ppm
Period: 1995-1996 Design: Case-crossover Mean: 1.09 ppm OR (95% CI):
Location: Boston, Sample: 772 cases 5"-95"%: 0.49-1.78 ppm 2 hours: 1.22 (0.89—1.67) per 1 ppm
Massachusetts 24 hours: 0.98 (0.70-1.36) per 0.6 ppm
Rosenlund et al. (2006) Outcome: MI Avg time: 30 years Increment: 300 pg/m3
Period: 1992-1994 Design: Case-control Mean: 0.058 ppm OR: (95% CI):
Location: Stockholm, Sweden Sample: 1,397 cases, 1,870 5"-95M%: 0.012-0.258 ppm  All cases: 1.04 (0.89-1.21)
controls, age range 45-70 years Nonfatal: 0.98 (0.82-1.16)

Fatal: 1.22 (0.98-1.52)

Fatal, in-hospital: 1.16 (0.89-1.51)
Fatal, out-hospital: 1.36 (1.01-1.84)
Blood pressure
Ibald-Mulli et al. (2001) Outcome: SBP Avg time: 24 hours Increment: 5.6 mg/m3
Period: 1984-1985 Design: Cohort Mean: 3.6 ppm Mean change in SBP, mmHg (95% ClI):
Location: Augsburg, Germany Sample: n=2,607 men and Range: 1.5-7.2 ppm All: 0.53 (-0.66-1.72)
women age 25-64 years Males: 0.68 (-0.94-2.31)
Females: 0.51 (-1.31-2.19)
Zanobetti et al. (2004b) Outcome: BP Avg time: 120 hours Increment: NR
Period: 1999-2001 Design: Cohort/Panel Mean: 0.66 ppm RR: No significant effect of CO on BP
Location: Boston, Sample description: n=62, age 10"-90"%: 0.48-0.86 ppm
Massachusetts 39-90 years

AF = atrial fibrillation; AP = angina pectoris; AR = arrhythmia; Avg = average; BP = blood pressure; BPM = beats per minute; CAD = coronary artery disease;

CAR = cardiac arrhythmia; Cl = confidence interval; CHD = coronary heart disease; CO = carbon monoxide; ECG = electrocardiogram; HFV = high frequency (HR)
variability parameter; HR = heart rate; HRV = heart rate variability; ICD = implantable cardioverter defibrillator; LFV = low frequency (HR) variability parameter,

Max = maximum; Ml = myocardial infarction; NR = not reported; OR = odds ratio; PNN50 = proportion of interval differences of successive normal-beat intervals greater
than 50 ms in EKG; rMSSD = root mean squared differences between adjacent RR intervals; RR = relative risk; SBP = systolic blood pressure; SDNN = standard deviation
normal-to-normal (NN or RR) time interval between each QRS complex in the EKG; SVE = supraventricular ectopy; SVT = supraventricular tachycardia; VAR = ventricular
arrhythmia; VLFV = very low frequency (HR) variability parameter ; VE = ventricular ectopy; VT = ventricular tachycardia
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normal-to-normal interval (SDNN) yielded significant associations in some studies (Dales 2004;
Schwartz et al. 2005; Timonen et al. 2006) and not in others (Chan et al. 2005; Gold et al. 2000; Liao et
al. 2004; Park et al. 2005b; Tarkiainen et al. 2003).

Three studies are particularly notable for their relatively large size. Park et al. (2005b) assessed HRV in
497 male subjects (age range: 21-82 years) of the Boston Normative Aging Study and linked these data
to local measurements of air pollutant concentrations (carbon monoxide, PM, 5, O;, NO,, SO,). The mean
carbon monoxide exposure concentration was 0.50 ppm (24-hour average, range: 0.13-18 ppm). The
study did not find significance between carbon monoxide exposure levels and HRV end points assessed
(SDNN, low frequency [LF], high frequency [HF], LF/HF). A study conducted in Augsburg, Germany
evaluated possible associations between exposures to total suspended particles (TSP), SO,, and carbon
monoxide (mean: 4.5 mg/m’, range: 2.4-6.8 mg/m’) and HR in 2,681 adults (age range: 25-64 years;
Peters et al. 1999). A 6.6 mg/m’ (5.8 ppm) increase in 24-hour average carbon monoxide concentration
was associated with a small but significant increase in HR of approximately 1 beat per minute

(0.97 beats/minute, 95% CI: 0.02-1.91); however, carbon monoxide exposure was not significantly
associated with HR when based on a 5-day average exposure concentration (0.7 per 3.3 mg/m’, 95% CI:
-0.09-1.58). A subsample of 6,232 adults (age range: 45-64 years) from the Atherosclerosis Risk in
Communities (ARIC) study (Washington County, Maryland; Forsyth County, North Carolina; and
selected suburbs of Minneapolis, Minnesota and Jackson, Mississippi) examined possible associations
between exposure to carbon monoxide (mean: 0.65 ppm, standard deviation [SD]: 0.44) and HR and
HRYV, as well as to other air pollutants (PM;,, O3, NO-, SO-; Liao et al. 2004). An increase in carbon
monoxide exposure concentration of 0.44 ppm was associated with a small but significant, increase in HR
of 0.4 beats per minute (standard error [SE]: 0.16, 95% CI. 0.09-0.7 [calculated from SE]). Carbon

monoxide exposure was not significantly associated with HRV.

Studies of Arrhythmia. Studies of associations between exposure to carbon monoxide and cardiac
arrhythmia (e.g., fibrillation, tachycardia) have vielded mixed results. Mean values of carbon monoxide
exposure concentrations (i.€., averages over 1-5 days prior to the end point assessment) ranged from
0.2 to 1.7 ppm, with the highest values <8 ppm. Significant associations between increasing carbon
monoxide exposure and arrhythmia episode incidence were found in some studies, particularly when the
analysis was restricted to subjects with prior recent arrhythmia (Berger et al. 2006; Dockery et al. 2005;
Peters et al. 2000a), but not in other studies (Metzger et al. 2007; Rich et al. 2004, 2005; Sarnat et al.
2006; Vedal et al. 2004). One of the larger studies examined associations between exposures to carbon

monoxide (median: 0.8 ppm; 95t percentile: 1.37 ppm) and other air pollutants (e.g., PM;o, PM, 5, Os,
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NO,, SO,) and ventricular arrhythmia episodes in 203 patients who were monitored with implanted
defibrillators (ICDs) and who had prior episodes of ventricular tachycardia (Dockery et al. 2005; Rich et
al. 2005). In the total sample, exposure to carbon monoxide was not significantly associated with
ventricular arrhythmia; however, when restricted to patients who had experienced arrhythmias within the
3 days of the exposure assessment, increasing carbon monoxide exposure of 0.48 ppm was significantly
associated ventricular arrthythmia (odds ratio: 1.65; 96% CI: 1.17-2.33). A larger study examined

512 patients (age range: 15-88 years) exposed to a mean carbon monoxide concentration of 1.7 ppm
(range: 0.1-7.7 ppm) and did not find a significant association with defibrillator discharges and carbon

monoxide exposure concentration (Metzger et al. 2007).

Studies that have assessed arrhythmias from electrocardiogram (ECG) measurements have also yielded
mixed results (Berger et al. 2006, Sarnat et al. 2006). A study of 57 coronary heart disease patients (age
range: 52-76 years) found a significant association between increasing carbon monoxide exposure and
risk of supraventricular tachycardia (Berger et al. 2006). Mean carbon monoxide exposure concentration
was 0.52 mg/m’ (0.45 ppm; range: 0.11-1.93 mg/m’). The relative risk for a 0.27 mg/m’ (0.24 ppm)
increase in carbon monoxide was 1.18 (95% CI: 1.04-1.35). A significant association between carbon
monoxide exposure and ventricular tachycardia was not evident. Sarnat et al. (2006) did not find a
significant association between carbon monoxide exposure concentrations (mean: 0.2 ppm, range: 0.1-
1.5) and arrhythmia in a sample of 32 adults (age range: 53-90 years). The study did find significant

associations between increased blood pressure and other air pollutants (e.g., PM, 5, SO, Os, back carbon).

Studies of Ischemic Heart Disease. Numerous studies have examined possible associations between
carbon monoxide exposure and ischemic heart disecase (Tables 3-6 and 3-7). Although results have been
mixed, most studies, in particular those that have examined hospital admissions or emergency room visits
as the health outcome, have found increased risk association with increased ambient air carbon monoxide
concentrations. A case-control study of myocardial infarction (1,397 cases, 1,870 controls) conducted in
Sweden, did not find a significant association with carbon monoxide exposure (Rosenlund et al. 2006).
Exposure concentrations were estimated from emissions data and air dispersion modeling; the mean was
61.8 pg/m’ (0.067 ppm; 5"-95" percentile range: 14-296 png/m*; predicted steady-state COHb%: <0.3).
0dds ratio for myocardial infarct for a 300 pg/m’ (0.3 ppm) increase in 30-year average carbon monoxide
concentration was 1.04 (95% CI: 0.89-1.21). When restricted to out-of-hospital deaths, the odds ratio
was 1.36 (95% CI. 1.01-1.84). A smaller case-crossover study (772 cases) conducted in Boston,
Massachusetts did not find a significant association between carbon monoxide exposure and myocardial

infarction (Peters et al. 2001). The odds ratio for 1 ppm increment in carbon monoxide exposure
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Table 3-7. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and
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Study Design features CO exposure Effect size
Ischemic heart disease
D’lppoliti et al. (2003) Outcome: MI HAs Avg time: 24 hours Increment: 1 mg/m3
Period: 1995-1997 Design: Case-crossover Mean: 3.8 ppm OR (95% CI), lag 0-2 days:
Location: Rome, Italy Sample: n=6,531, ages 218 years 25"-75"%: 2.4-3.8 ppm CO alone: 1.044 (1.000-0.089)
CO with TSP: not significant
Hosseinpoor et al. (2005) Outcome: AP HAs Avg time: 24 hours Increment: 1 mg/m3 (0.87 ppm)
Period: 1996-2001 Design: Time series Mean: 9.4 ppm RR (95% CI), lag 1 day:
Location: Tehran, Iran Sample: n=1,826 Range: 1.4-50.5 ppm CO alone: 1.0096 (1.0060-1.0132)
CO with NO,, O3, and PM;;,: 1.0093 (1.0036—
1.0151)
Lanki et al. (2006) Outcome: Ml HAs Avg time: 24 hours Increment: 0.2 mg/m3
Period: 1994-2000 Design: Time series Median: 0.4-2.3 ppm RR (95% CI), lag 0 day:
Location: Helsinki, Rome, Sample: 26,854 admissions, 75"% Range: 0.5-2.9 ppm  All: 1.007 (1.001-1.012)
Stockholm age =35 years Fatal (275 years): 1.027 (1.006—1.048)
Lee et al. (2003b) Outcome: IHD, MI, AP HAs Avg time: Daily maximum Increment: 1 ppm
Period: 1997-1999 Design: Time series Mean: 1.8 ppm RR (95% CI), lag 5 days:
Location: Seoul, Korea Sample: ~10,000 HAs 25"-75"%: 1.2-2.2 ppm All year, all ages: 0.94 (0.91-0.98)

All year, 264 years: 1.07 (1.01-1.13)

Summer, all ages: 1.19 (1.02-1.38)

Summer, 264 years: 1.60 (1.27-2.03)

All year, 264 years (with PM,g): 1.04 (0.98-1.11)

Maheswaran et al. (2005b) Outcome: IHD HAs Avg time: NR Increment: 5" vs. 1% quintile

Period: 1994—1998 Design: Ecological 20"-80"%: 0.34-0.40 ppm  RR, adjusted for sex, age, deprivation, smoking
Location: Sheffield, United Subjects: 11,407 admissions, age (95% Cl):

Kingdom = 45 years 0.88 (0.79-0.98)

Mann et al. (2002) Outcome: IHD, MI HAs Avg time: 8 hours Increment: 1 ppm

Period: 1988—-1995 Design: Time series Mean: 2.07 ppm % Change (95% CI), lag 0 day:

Location: California Sample: 54,863 HAs Range: 0.30-11.8 ppm with arrhythmia: 2.99 (1.80-4.99)

with CHF: 3.60 (1.620-5.63)
without secondary diagnosis: 1.62 (0.65-2.59)
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Table 3-7. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and
Hospital Admissions and Emergency Department Visits Related to Cardiovascular Disease

Study

Design features

CO exposure

Effect size

Szyszkowicz (2007)
Period: 1997-2003
Location: Montreal

von Klot et al. (2005)
Period: 1992-2001
Location: 5 European cities

Stroke

Chan et al. (2006)
Period: 1997-2002
Location: Taipei, Taiwan

Henrotin et al. (2007)
Period: 1994-2004
Location: Dijon, France

Maheswaran et al. (2005b)
Period: 1994-1998
Location: Sheffield, United
Kingdom

Outcome: IHD EDVs
Design: Time series
Sample: 4,979 EDVs

Outcome: MI, AP, CAR, HF, HAs
Design: Prospective cohort
Sample: 22,006 survivors of first
M

Outcome: Stroke EDVs
Design: Time series

Sample: 7,341 EDVs, age 50—
100 years

Outcome: Stroke HAs
Design: Case-crossover
Sample: 1,707 cases, age:
=240 years

Outcome Stroke HAs
Design: Ecological
Sample: 11,407 HAs, age
245 years

Avg time: 24 hours
Mean: 0.5 ppm
Range: 0.1-3.1 ppm

Avg time: 24 hours
Mean: 0.37-0.87 ppm

Avg time: 8 hours
Mean: 1.7 ppm
Range: 0.6—4.4 ppm

Avg time: 24 hours
Mean: 0.60 ppm
Range: 0-3.5 ppm

Avg time: NR
20"-80"%: 0.34-0.40 ppm

Increment: 0.2 ppm

% Change (95% Cl), lag 0 day:

All: 5.4 (2.3-8.5)

Males: 7.5 (3.6-11.6)

Females: 2.7 (-2.0- 7.6)

All: =64 years: 4.9 (1.3-8.7)

Males: =64 years: 7.5 (2.6—12.6)
Females: 264 years: 0: 2.4 (-3.0t0 0.0)

Increment: 0.2 mg/m®

RR (95% Cl), lag 0 day:

MI: 1.022 (0.998-0.047)

AP: 1.009 (0.992-0.02)

Any cardiac: 1.014 (1.001-0.026)

Increment: 0.8 ppm

OR (95% CI), lag 2 days:

All: 1.03 (1.01, 1.06)

Stroke: 1.03 (1.01, 1.05)

Significant after adjustment for O3, PM, 5, PM,q

Increment: 10 pg/m®

OR (95% Cl), lag 0 day:

Ischemic: 0.999 (0.997-1.001)
Hemorrhagic: 1.000 (0.996-1.004)
Other lags not significant

Increment: 5" vs. 1% quintile
RR (95% CI) adjusted for sex, age, deprivation,
smoking: 1.11 (0.99-1.25)
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Table 3-7. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and
Hospital Admissions and Emergency Department Visits Related to Cardiovascular Disease

Study

Design features

CO exposure

Effect size

Tsai et al. (2003)
Period: 1997-2000
Location: Kaohsiung, Taiwan

Villeneuve et al. (2006a)
Period: 1992-2002
Location: Edmonton, Canada

Wellenius et al. (2005a)
Period: NR
Location: 9 U.S. cities

Heart failure

Lee et al. (2007a)

Period: 1996-2004
Location: Kaohsiung City,
Taiwan

Symons et al. (2006)
Period: 2002
Location: Baltimore, Maryland

Wellenius et al. (2005b)
Period: 1987-1999
Location: Pennsylvania

Outcome: Stroke HAs
Design: Case-crossover
Statistical analyses: NR
Sample: 23,192 HAs

Outcome: Stroke EDVSs)
Design: Case-crossover
Sample: 12,422 EDVSs, age
=265 years

Outcome: Stroke EDVs
Design: Time series

Sample: 155,503 EDVs, age
=265 years

Outcome: CHF HAs
Design: Case-crossover
Sample Description: 13,475 HAs

Outcome: CHF HAs, symptom
exacerbation

Design: Case-crossover
Sample: 125 cases, median age
70 years

Outcome: CHF HAs
Design: Case-crossover
Sample: 54,019 HAs, age
=265 years

Avg time: 24 hours
Mean 0.79 ppm
Range: 0.24-1.72 ppm

Avg time: 24 hours
Mean: 0.8 ppm
25"-75"%: 0.5-1.0 ppm

Avg time: NR
Median: 1.02 ppm
25"-75"%: 0.73-1.44 ppm

Avg time: 24 hours
Mean: 0.76 ppm
Range: 0.14-1.72 ppm

Avg time: 24 hours
Mean: 0.4 ppm
Range: 0.1-1.0 ppm

Avg time: 24 hours
Mean: 1.03 ppm
25"-75"%: 0.68-1.23 ppm

Increment: 0.8 ppm

OR (95% CI), lag 0-2 days:

>20°C: 1.21 (1.14-1.28)

<20°C: 1.77 (1.31-2.39)

Significant OR when adjusted for PM,q, SO, or
0Os

Increment: 0.5 ppm

OR (95% CI), lag 0-2 days:

April—September: 1.32 (1.09, 1.60) (not
significant for all seasons)

Increment: 0.71 ppm

% Change (95% CI) lag 0 days:
Ischemic: 2.83 (1.23-4.46)
Hemorrhagic: -1.61 (-4.79-1.68)

Increment: 0.31 ppm

OR (lag 0-2 days):

225 °C:1.19 (1.09-1.31)
<25 °C:1.39 (1.24-1.54)
Significant when adjusted for PM,g, NO,, SO,, or
O3

Increment: 0.2 ppm

OR (95% CI), lag 1 day:
Avg: 0.90 (0.70-1.17)
Cumulative: 0.82 (0.60-1.13)
Other lags not significant

Increment: 0.55 ppm

% Change (85% Cl), lag 0 day:

4.55 (3.33-5.79)

Significant when adjusted for NO, PM; g, NO,,
SO,, or O3

S103443 H1TV3IH €

JAIXONOW NOgdYD

9/


http:0.24%e2%80%931.72
http:0.73%e2%80%931.44
http:0.14%e2%80%931.72
http:0.68%e2%80%931.23
http:1.14%e2%80%931.28
http:1.31%e2%80%932.39
http:1.23%e2%80%934.46
http:4.79%e2%80%931.68
http:1.09%e2%80%931.31
http:1.24%e2%80%931.54
http:0.70%e2%80%931.17
http:0.60%e2%80%931.13
http:3.33%e2%80%935.79

»+LNIFWWNOD O179Nd O LAY HTxx

Table 3-7. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and

Hospital Admissions and Emergency Department Visits Related to Cardiovascular Disease

Study

Design features

CO exposure

Effect size

Ballester et al. (2001)
Period: 1994-1996
Location: Valencia, Spain

Ballester et al. (2006)
Period: 1995-1999
Location: 14 Cities in Spain

Barnett et al. (2006)
Period: 1998-2001
Location: Australia,
Auckland, New Zealand

Chang et al. (2005)
Period: 1997-2001
Location: Taipei, Taiwan

Fung et al. (2005)

Period: 1995-2000
Location: Windsor, Ontario,
Canada

Jalaludin et al. (2006)
Period: 1997-2001
Location: Sydney, Australia

Miscellaneous cardiovascular disease

Outcome: HD, CBVD EDVs
Design: Time series
Sample: >9,000 EDVs

Outcome: HD, CVD HAs
Design: Time series
Sample: >250,000 HAs

Outcome: CVD HAs
Design: Case-crossover
Sample: age 215 years

Outcome: CVD HAs
Design: Case-crossover
Sample 74,509 HAs

Outcome: CVD HAs
Design: Time series
Sample: 11,632 HAs

Outcome: CVD EDVs
Design: Time series

Sample: >100,000 EDVs, age

=265 years

Avg time: 1 hour
Mean: 5.4 ppm
Range: 0.5-15.5 ppm

Avg time: 8 hours

Mean: 1.2-2.4 ppm

10"% Range: 0.3—1.5 ppm
90"% Range: 1.7-3.4 ppm

Avg time: 8 hours
Mean: 0.5-2.1 ppm
Range: 0.0-7.9 ppm

Avg time: 24 hours
Mean: 1.37 ppm
Range: 0.37-3.66 ppm

Avg time: 24 hours
Mean: 1.3 ppm
Range: 0.0-11.8 ppm

Avg time: 8 hours
Mean 0.82 ppm
Range: 0.02-4.63 ppm

Increment: 1 mg/m>

RR (95% Cl):

All, lag 2: 1.0077 (0.9912-1.0138)
HD, lag 1: 1.0092 (0.9945-1.0242)
CBV, lag 1: 0.9874 (0.9646-1.0107)

Increment: 1 mg/m>

% Change (95% CI), lag 0-1 day:
CVD: 2.06 (0.65-3.48)

HD: 4.15 (1.31-7.08)

Increment: 0.9 ppm

% Change (95% CI) lag 0-1 day:

Lags examined (days): 01

15-64 years

CVD, <65 years: 1.2 (0.3-2.1)

CVD, =65 years: 2.2 (0.9-3.4)

Significant when adjusted for NO, or PMyq

Increment: 0.49 ppm

OR (95% CI) lag 0-2 day:

=220°C: 1.090 (1.064-1.118)

<20°C: 0.984 (0.927-1.044)

Significant when adjusted for PM,o, NO,, SO,, or
Os

Increment: 1.2 ppm

% Change (95% CI), lag 0-2 day:

<65 years: -0.5 (-6.7-6.0)

=265 years: 2.8 (-1.1-7.0)

Increment: 0.69 ppm

% Change (95% CI), lag 0-1 day:

2.35 (1.39-3.32)

Significant when adjusted for PM,o, NO,, SO,, or
05
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Table 3-7. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and
Hospital Admissions and Emergency Department Visits Related to Cardiovascular Disease

Study Design features CO exposure Effect size

Koken et al. (2003) Outcome: CVD HAs Avg time: 24 hours
Period: 1993-1997 Design: Time series Mean: 0.9 ppm
Location: Denver, Colorado Sample: >4000 HAs, age 65 years Range: 0.3, 1.6 ppm

Increment: 0.3 ppm

% Change (95% CI) lag 3 day:

CHF: 10.5 (0.1-22.0)

CO not significantly associated with other CVD
categories.

Increment: 1 ppm

Poisson regression coefficient (SE), lag 0 day:
CVD, all: 0.032 (0.003) (p<0.05)

Significant for AR, CBVD, CHF, MI, stroke p<0.05

Increment: 1 ppm

RR (95% ClI), lag 0-2 day:

All CVD: 1.017 (1.008-1.027)

PVD/CBVD: 1.031 (1.010-1.052)

Not significant for AR. CHF, IHD categories

Linn et al. (2000) Outcome: CVD, CBVD HAs
Period: 1992-1995 Design: Time series
Location: Los Angeles, Sample: >500,000 HAs, age

California >30 years

Metzger et al. (2004) Outcome: Cardiovascular: CVD Avg time: 1 hour

Study: 1993-2000 EDVs Median: 1.5 ppm

Location: Atlanta, Georgia Design: Time series 10"-90"%: 0.5-3.4 ppm
Sample: 4,407,535 EDVs

Avg time: 24 hours
Mean 1.0-2.0 ppm
Range: 0.2-5.3 ppm
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Peel et al. (2007)
Period: 1993-2000
Location: Atlanta, Georgia

Yang et al. (2004a)
Period: 1997-2000
Location: Kaohsiung City,

Outcome: CVD EDVs
Design: Case-crossover
Sample: 4,407,535 EDVs

Outcome: CVD HAs
Design: Case-crossover
Sample: 29,661 HAs

Avg time: 1 hour
Mean: 1.8 ppm
SD: 1.2 ppm

Avg time: 24 hours
Mean: 0.79 ppm
Range 0.24-1.72 ppm

Increment: 1.2 ppm
OR (95% CI), lag 0-2 day:
1.020 (1.010-10.030)

ORs for specific CVD categories tended to
increase with co-diagnoses of HT, AR, CHF,

COPD

Increment: 0.28 ppm
OR (95% CI), lag 0-2 day:

225 °C: 1.264 (1.205-1.326)

S103443 H1TV3IH €

Taiwan <25 °C: 1.448 (1.357-1.545)
Significant when adjusted for PM,g, NO,, SO,, or
O3

AP = angina pectoris; AR = arrhythmia; Avg = average; CAR = cardiac arrhythmia; CBCD = cerebrovascular disease; CHF = congestive heart failure; Cl = confidence
interval; CO = carbon monoxide; COPD = chronic obstructive pulmonary disease; CVD = cardiovascular disease; EDV = emergency department visit; HA = hospital
admission; HF = heart failure; HT = hypertension; IHD = ischemic heart disease; M| = myocardial infarction; NR = not reported; OR = odds ratio; PVD = peripheral vascular
disease; RR = relative risk; SD = standard deviation; SE = standard error
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concentration, for 2-hour period prior to infarct, was 1.22 (95% CI. 0.89-1.67); the mean carbon
monoxide exposure concentration was 1.09 (5"-95" percentile range: 0.49—1.78 ppm, predicted steady-
state COHb%: <0.55).

Possible associations between carbon monoxide exposure (and other air pollutants; e.g., PM, NO,, O5)
and ischemic heart disease have also been explored in studies of hospital admissions and/or hospital
emergency department visits (D Ippoliti et al. 2003; Hosseinpoor et al. 2005; Lanki et al. 2006; Lee et al.
2003b; Maheswaran et al. 2005b; Mann et al. 2002; Szyszkowicz 2007; von Klot et al. 2005). Although
results have been mixed, most studies have found significant associations between increasing carbon
monoxide exposure concentration and ischemic heart disease-related admissions or emergency room
visits (Table 3-7). These included increased odds (or relative risk) for hospital admissions for angina
pectoris, myocardial infarction, and aggregated ischemic heart disease categories (D Ippoliti et al. 2003;
Hosseinpoor et al. 2005; Lanki et al. 2006; Lee et al. 2003b; Mann et al. 2002; Szyszkowicz 2007; von
Klot et al. 2005). Mean air carbon monoxide concentrations in these studies ranged from approximately
0.4-2 ppm, with the upper percentiles (i.e. >75") ranged from approximately 1 to 5 ppm, although one
study reported a mean of 10.8 mg/m’ and maximum of 57.9 mg/m’ (approximately 50 ppm; Hosseinpoor
ctal. 2005). Associations with carbon monoxide tended to be stronger for more elderly males than for
females or other age strata (e.g., Lee et al. 2003b; Szyszkowicz 2007). Risks were higher when ischemic
heart disease was accompanied by a diagnosis of arrhythmia or congestive heart failure (Mann et al. 2002;
see further discussion of carbon monoxide associations with congestive heart failure, below). Lee et al.
(2003b) found a significant association (1997-1999) between ischemic heart disease-related hospital
admissions in Seoul, Korea, and carbon monoxide exposure concentrations among males >64 years of
age, but not for females or other age strata. A 1 ppm increase in carbon monoxide concentration was
associated with a relative risk of 1.07 (95% CI: 1.01-1.1) for hospital admission. The mean daily 1-hour
maximum carbon monoxide concentration was 1.8 ppm (25"-75" percentile range: 1.2-2.2 ppm). The
association with carbon monoxide exposure was not significant after adjustment for exposure to PM; in a
two-pollutant model (1.04. 95% CI: 0.98-1.11). Two-pollutant models with carbon monoxide and other
gaseous pollutants were not reported, although significant associations were found when NO,, Os, or SO,
were considered alone. Szyszkowicz (2007) examined records of 4,979 emergency room visits in
Montreal, Canada for the period 1997-2002. The percent increase in visits related to ischemic heart
disease for a 0.2 ppm increase in carbon monoxide concentration was 5.4% (95% CI. 2.3-8.5) for all
patients, 7.5% (2.6—12.6) for males >64 years, and 2.4 (-3.0-0.0) for females >64 years. The mean
carbon monoxide exposure concentration was 0.5 ppm (range: 0.1-3.1 ppm). Two other studies

examined ischemic heart disease end points in multiple-pollutant models. Hosseinpoor et al. (2005)
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found that the relative risk for hospital admissions in related for angina pectoris (1,826 cases; Tehran,
Iran; 1996-2001) was 1.044 (95% CIL: 1.000-0.089) when air carbon monoxide concentrations were
considered in a carbon monoxide model, and 1.0093 (95% CI: 1.0036-1.0151) when the model was
adjusted for PM,o, Os, and NO,. Air carbon monoxide concentrations examined in this study were
relatively high, compared to other studies (mean 10.8 ppm; range: 1.6-58 ppm). A study conducted in
Rome, Italy examined records of 6,351 hospital admissions (1995-1997) for myocardial infarction and
found a significant association between increasing air carbon monoxide concentration and increasing odds
of hospital admission (odds ratio: 1.004, 95% CI. 1.000-0.089), which did not persist when adjusted for
total suspended solids (D Ippoliti et al. 2003). The mean air carbon monoxide concentration was 3.8 ppm

(25™-75" percentile range: 2.4-3.7 ppm).

Studies of Stroke. Possible associations between ambient air carbon monoxide concentrations and stroke
have been examined in studies of hospital admissions and emergency room visits (Chan et al. 2006;
Henrotin et al. 2007; Maheswaran et al. 2005b; Tsai et al. 2003b; Villeneuve et al. 2006a; Wellenius et al.
2005a; Table 3-7). Although results of these studies have been mixed, several studies have found
significant associations between stroke admissions and/or emergency room visits, and increasing air
carbon monoxide concentrations (Chan et al. 2006; Tsai et al. 2003b; Villeneuve et al. 2006a; Wellenius
et al. 2005a). Studies that explored two-pollutant models found that the associations persisted after
adjustment for PM;, SO,, or O; (Chan ¢t al. 2006; Tsai et al. 2003b). Mean air carbon monoxide
concentrations in these studies ranged from 0.4 to 1.7 ppm and the highest reported value was <5 ppm.
The largest study was a time-series analysis of ambient air carbon monoxide concentrations and

155,503 records of stroke-related emergency room visits in nine U.S. cities (Wellenius et al. 2005a). The
study found that a 0.71 ppm increase in ambient air carbon monoxide concentration was associated with a
2.83% (95% CI. 1.23-4.46) increase in daily rate of emergency room visits for ischemic stroke. Chan et
al. (2006) conducted a time-series analysis of ambient air carbon monoxide concentrations in Taipei,
China (1997-2002) and emergency room visits related to cerebrovascular disease, including stroke
(n=7,341), and found a significant odds ratio for a 0.8 ppm increase in air carbon monoxide
concentration, for all cerebrovascular disease (1.03, 95% CI: 1.01-1.06) and stroke (1.03, 95% CI: 1.01-
1.05), which remained significant after adjusting for O;, PM, 5 and PM;, or PM, 5 (1.034, 95% CI: 1.001-
1.067). A larger study conducted in Kaohsiung, China (1997-2000) examined records of 23,192 hospital
visits for stroke in a case-crossover design and found significant odds ratios for a 0.8 ppm increase in
carbon monoxide concentration (1.77, 95% CI: 1.31-2.39), which also persisted after adjustment for SO,,

0Os, or PMy (Tsai et al. 2003b).
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Studies of Other Cardiovascular Outcomes. Two case-control (i.e., case crossover) studies conducted in
Seattle, Washington have examined possible associations between ambient carbon monoxide
concentrations and cardiac arrest did not find significant associations (Levy et al. 2001; Sullivan et al.
2003; Table 3-6). The mean carbon monoxide exposure concentration (both studies) was 1.7 ppm, with
the highest value reported as 5.9 ppm. The study reported by Levy et al. (2001) included 362 cases out-
of-hospital cardiac arrests (1988-1994); the relative risk for a 1-day lag between exposure estimate and
outcome was 0.88 (95% CI: 0.83-1.18). The Sullivan et al. (2003) study examined 1,542 cases of out-
of-hospital cardiac arrest cases (1985-1994); the odds ratio for a 1.02 ppm increase in carbon monoxide

concentration (1 day lag) was 0.97 (95% CI: 0.87-1.08).

Possible associations between air carbon monoxide concentrations and cardiac failure (primarily,
congestive heart failure) have also been examined in studies of hospital admissions (Lee et al. 2007a;
Symons et al. 2006; Wellenius et al. 2005b; Table 3-6). The larger of the these studies examined

13,475 hospital admissions for congestive heart failure in Kaohsiung, China (1996-2004) and found a
significant odds ratios for hospital admission associated with a 0.31 ppm increase in air carbon monoxide
concentration (odds ratio: 1.39, 95% CI. 1.24-1.54). The odds ratio remained significant in two-
pollutant models that adjusted for PM;,, NO,, SO, or Os.

Studies of possible associations between carbon monoxide exposure and abnormal blood pressure have
not found significant associations (Ibald-Mulli et al. 2001; Zanobetti et al. 2004b; Table 3-6). The Ibald-
Mulli et al. (2001) study included 2,607 men and women (age range 25-64 vears) in the Augsburg,
Germany area; the mean carbon monoxide exposure concentration was approximately 3.6 ppm and the
upper end of the range was 7.2 ppm. The estimated increment in systolic blood pressure for 4.9 ppm
increase in carbon monoxide concentration was a 1.06 (95% CI: -0.17-2.29). The Zanobetti et al.
(2004b) study measured blood pressure in repeated examinations of 62 subjects, and found no association
between blood pressure and carbon monoxide exposure concentrations (90" percentile concentration

<1.2 ppm).

Several studies have evaluated more generic cardiovascular disease outcomes, for example, hospital
admissions or emergency room visits for any cardiovascular disease (Ballester et al. 2001, 2006; Barnett
et al. 2006; Chang et al. 2005; Fung et al. 2005; Jalaludin et al. 2006; Koken et al. 2003; Linn et al. 2000;
Metzger et al. 2004; Peel et al. 2007; Yang et al. 2004a; Table 3-7). Here again, although results have
been mixed, most studies have found significant associations between increased rate of hospital

admissions or emergency room visits and increased air carbon monoxide concentrations. The association
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was stronger for older subjects (e.g., >64 years, Barnett et al. 2006) and in several studies that examined
multi-pollutant models, the association persisted after adjustment for PM;,, NO,, SO,, or O; (Chang et al.
2005; Jalaludin et al. 2006; Yang et al. 2004a). Mean air carbon monoxide concentrations in these studies

ranged from 0.8 to 6 ppm, with the highest value <18 ppm.

Animal Studies. Although clinical studies in patients with coronary artery disease provide compelling
evidence of adverse cardiovascular effects of acute-duration exposure to carbon monoxide, these studies
are limited with respect to exposure conditions and outcomes assessed. Studies in animals, however, have
investigated adverse cardiovascular effects of carbon monoxide exposure over a much wider range of
exposure conditions (¢.g., exposure concentration and duration) and have evaluated additional outcome
measures that are not possible to assess in humans. In general, animal studies evaluated carbon monoxide
exposures resulting in higher COHb levels than those evaluated in clinical studies in patients and healthy
volunteers. Results of animal studies provide evidence of adverse cardiovascular effects of carbon
monoxide exposure, including compensatory alterations in hemodynamics, cardiac hypertrophy, cardiac
arrhythmias, and possibly atherosclerosis. For most outcomes evaluated in animal studies, conflicting
evidence has been reported. Although the reasons for different results have not been established,
differences in species sensitivity, exposure regimens, and experimental protocols are possible factors.
Animal studies published prior to 2000 have been reviewed in detail by EPA (1991, 2000); therefore,
these reviews largely form the basis of the following discussions for animals studies published prior to

2000.

Studies investigating the effects of acute-duration carbon monoxide exposure on hemodynamics have
been conducted in several animal species, including monkeys, dogs, rats, and rabbits, under exposure
conditions producing blood COHb levels ranging from 6.2 to 70% (EPA 1991, 2000). Results show that
brief exposure (from a few minutes to approximately 3 hours) to carbon monoxide at concentrations of
80-20,000 ppm produces alterations in hemodynamics that are consistent with COHb-induced hypoxia
and responsive compensatory mechanisms (¢.g., vasodilation and increased cardiovascular output),
including increased coronary blood flow, decreased myocardial O, consumption, increased heart rate, and
alterations in blood flow to various vascular beds (e.g., cerebral, limb muscular). Generally, carbon
monoxide-induced effects on hemodynamics were observed at blood COHb levels >7.5%. With longer
exposure durations, COHb-induced tissue hypoxia and subsequent compensatory increases in heart rate
and cardiac workload lead to the development of cardiomyopathy. Several studies confirm carbon
monoxide-induced cardiomegaly in rats and rabbits exposed to 160-11,000 ppm carbon monoxide

(COHb 12-58%) for intermediate durations (14 days to ~6 months) (EPA 1991, 2000). In rats exposed
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chronically to 200 ppm carbon monoxide (COHb 14.7%) for 20 hours/day for 72 weeks, left and right
ventricle weights increased by 20% (p<0.001) and 14% (p<0.001), respectively (Serhaug et al. 2006).
Studies evaluating developmental cardiovascular effects are reviewed in Section 3.2.6 (Developmental

Effects).

Alterations in cardiac rhythm, possibly due to disturbances in cardiac conduction, have been observed in
animals exposed to carbon monoxide for acute to intermediate durations (EPA 1991, 2000). Under
conditions of simulated myocardial ischemia (i.¢. coronary artery ligation), acute exposure (up to

15 minutes) of dogs to up to 5,000 ppm carbon monoxide (COHb 4.9-15%) enhanced myocardial
ischemia, as indicated by ST-segment alterations, and severity of myocardial injury. Results of a recent
study in rats exposed to 50 ppm carbon monoxide (COHDb not reported) for 1 week indicate that rats with
pulmonary hypertension may be more sensitive to carbon monoxide-induced myocardial ischemia
(Gautier et al. 2007). However, in other studies simulating myocardial injury in dogs exposed to 100
500 ppm carbon monoxide for 6-120 minutes (COHb 5.1-20%), cardiac arrhythmias or alterations in
cardiac conduction speed were not observed. In studies evaluating intermediate-duration (6—24 weeks)
exposure of dogs and monkeys, 100 ppm carbon monoxide (COHb 2.6-12%) induced cardiac
arrhythmias, including R-wave depression, ST-segment elevation, increased T-wave, preventricular
contractions, and reduced threshold for stimulus-induced ventricular fibrillation. In contrast, no evidence
of cardiac arrhythmias was observed in dogs exposed continuously to 50 ppm carbon monoxide (COHb

7.3%) for 3 months or in monkeys exposed intermittently to 500 ppm (COHb 21.6%) for 14 months.

Conflicting evidence has been reported regarding the potential for carbon monoxide exposure to induce or
enhance atherosclerosis (EPA 1991, 2000). Results of most studies in animals (monkeys, baboons,
rabbits, and pigs) fed normal diets were negative for inducing or enhancing atherosclerosis at carbon
monoxide concentrations of 50-400 ppm (COHb ~20%) for exposure durations up to 14 months.
However, atherosclerosis was increased in monkeys continuously exposed to 200 ppm carbon monoxide
(COHb 20.6%) for 2 weeks (Thomsen 1974) and in rabbits and monkeys fed high cholesterol diets
exposed to 100-300 ppm carbon monoxide (COHb 9-33%) for 2-7 months. Based on the weight-of-
evidence, EPA (1991, 2000) concluded that the available data do not strongly support a relationship

between atherogenic effects and carbon monoxide exposure.
Gastrointestinal Effects. Studics evaluating gastrointestinal effects of exposure to low levels of

carbon monoxide (i.¢., producing blood COHD levels <20%) were not identified. Although the

gastrointestinal tract has not been identified as a specific target organ for carbon monoxide-induced
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toxicity, exposure to carbon monoxide at levels producing hypoxia would be expected to affect any tissue,
in particular those tissues with high O, utilization requirements (¢.g., brain, liver, kidney, heart, small

intestine).

Hematological Effects. Hematological effects of carbon monoxide include compensatory responses
to tissue hypoxia resulting from binding of carbon monoxide to Hb (¢.g., increased blood volume, Hb,
hematocrit, and erythrocyte count and volume). Possible associations between ambient air carbon
monoxide concentrations and hematologic biomarkers of coagulation and inflammation have been
examined in epidemiological studies. Collectively, these studies provide some evidence for associations

that may reflect effects of carbon monoxide in modulating these systems.

Hypoxia and Related Compensatory Responses. Inhalation exposure to carbon monoxide results in the
formation of COHb, a stable complex between carbon monoxide and Hb. Because carbon monoxide has
a much higher affinity for Hb than O, (equilibrium constant for carbon monoxide is >200 times that of
0,), 0, is displaced from Hb by relatively low partial pressures of carbon monoxide. Binding of carbon
monoxide to Hb has two effects that contribute to impaired O, delivery to tissues: (1) in the presence to
carbon monoxide, the amount of O, that can be stored on Hb for delivery to tissues decreases; and

(2) binding of carbon monoxide to Hb impairs release of O, from Hb for its diffusion into tissues (see
Section 3.4.3 for further discussion of effects of carbon monoxide on O, dissociation from Hb). At
sufficient levels of COHb, the combined effects of impaired O, storage and transport results in tissue

hypoxia, the principal mechanism of many adverse effects of carbon monoxide exposure.

To maintain O, delivery to tissues under conditions of hypoxia, compensatory hematological responses
(e.g., increased erythrocyte count, hematocrit, and Hb) occur. The dose-response relationship for carbon
monoxide-induced compensatory hematological responses in humans has not been established. Studies in
animals show that compensatory hematological effects occur in response to the COHb-induced reduction
in O, delivery to tissues. Compensatory hematological effects, including increased blood volume, Hb,
hematocrit, and erythrocyte count and volume, have been observed following acute- and intermediate-
duration carbon monoxide exposure (Davidson and Penney 1988; Penney 1988; Penney et al. 1974a,
1974b; WHO 1999). Continuous exposure of rats to 500 ppm carbon monoxide (COHb 40%) for 5—

42 days produced duration-dependent increases in hematocrit, blood Hb, erythrocyte count, and mean cell
Hb concentration; mean cell volume was increased after 42 days of exposure (Davidson and Penney
1988). The largest increases (approximately 45-55%) were observed for hematocrit, blood Hb, and

erythrocyte count, with increases reaching maximum levels after 30 and 42 days of exposure. Similarly,
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blood Hb concentration increased by 70% in rats exposed continuously to 500 ppm carbon monoxide
(COHb approximately 12% after 42 days) for up to 42 days, with the most rapid increase occurring within
the first 21 days of exposure (Penney et al. 1974b). A small, but statistically significant increase in Hb
concentration (6.0%; p<0.001) was observed in rats exposed to 100 ppm carbon monoxide (COHb
9.25%) for 30 days (Penney et al. 1974b). In rats exposed to 200—1,300 ppm carbon monoxide (COHb
not reported) for 1017 days, dose-related increases in hematocrit and blood volume were observed

(Penney et al. 1988).

Epidemiological Studies of Blood Markers Related to Coagulation. Studies of carbon monoxide
mechanisms of action have provided evidence that carbon monoxide may participate in the regulation of
vascular thrombi formation and inflammation (see Section 3.5.2, Mechanisms of Toxicity). Possible
associations between ambient air carbon monoxide concentrations and biomarkers of coagulation and
inflammation have been examined in epidemiological studies (Baccarelli et al. 2007; Liao et al. 2005;
Pekkanen et al. 2000; Rickerl et al. 2006, 2007; Steinvil et al. 2008). Biomarkers that have been
examined include inflammation markers, C-reactive protein (CRP), serum amyloid A (SAA), and WBC
count; cell adhesion markers, E-selectin, von Willebrand factor, antigen (vWF), ICAM-1; and
coagulation markers, fibrinogen, factor VII (FVII), prothrombin fragment 1+2, prothrombin time (PT),
and activated partial thromboplastin time (APTT). Collectively, these studies provide some evidence for
associations between ambient air carbon monoxide concentration and changes in hematological
indicators of inflammation and coagulation. However, interpretation of the results of these studies, in
particular, quantitative estimates of the effect magnitudes on outcomes, is limited by several factors: (1)
reliance on areca monitoring for estimating exposure levels; (2) uncertainty in knowledge of temporal
correspondence between monitored exposure levels and outcomes; (3) relatively strong correlations
between ambient air carbon monoxide concentrations and other air quality variables that can affect
respiratory function; and (4) relatively low carbon monoxide exposures studied. Mean values of carbon

monoxide exposure concentrations have ranged from 0.3 to 3 ppm with the highest values <12 ppm.

Major findings from the body of reported epidemiological studies hematological outcomes are
summarized below. Although most of the studies explored various time lags between monitored air
carbon monoxide concentrations and outcomes, as well as various sample strata, for the sake of brevity,
only those indicative of the strongest associations to carbon monoxide are presented. Where co-pollutant

models have been explored, these results are also presented.
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A cohort study conducted in London, United Kingdom (1991-1993) examined plasma fibrinogen
concentrations in adult office workers (n=7,205) and found a significant association between increasing
air carbon monoxide concentrations (mean 1.4 mg/m’, maximum: 9 mg/m’) and increasing plasma
fibrinogen concentrations (Pekkanen et al. 2000). For a 3-day lag between measured carbon monoxide
concentration and fibrinogen assessment, the odds ratio for a plasma fibrinogen exceeding 3.19 g/L was
1.22 (p<0.02) per 1.6 mg/m’ increase in air carbon monoxide concentration. Increasing air concentration
of NO, was also associated with increasing plasma fibrinogen concentration (odds ratio: 1.22, p<0.01),
and when both were considered in two-pollutant models, the associations were no longer significant,
reflecting the relative high correlation between air carbon monoxide and NQO, concentrations (1=0.81).
When stratified by gender, the carbon monoxide association for a 1-day lag (3-day lag data not reported)
was significant in males, but not in females (Steinvil et al. 2008). A smaller cohort study conducted in
Tel-Aviv, Israel (2003-2006, n=3,659, mean age: 46 years) also found a significant association between
increases in air carbon monoxide concentration and decreasing plasma fibrinogen concentration among
males, but not among females. The largest effect was estimated for the 1-week air carbon monoxide
average (mean: 0.8 ppm, 75" percentile: 1 ppm), for which a 0.3 ppm increase in air carbon monoxide
concentration was associated with a 7.7 mg/dL (95% CI. -12.1, -3.3) decrease in plasma fibrinogen in
males, with no association among females (-1.6 mg/dL, 95% CI. -7.3, 4.1). Increasing air carbon
monoxide concentration was also associated with a significant decrease in WBCs among males

(-158 cell/uL, 95% CI. -298, -18), but not females (-182 cell/uL, 95% CI. -281, 61). However, as in the
Pekkanen et al. (2000) study, the association between air NO, and fibrinogen was stronger than that of
carbon monoxide and when included in two-pollutant models, the association with carbon monoxide was
no longer significant. Significant associations with air carbon monoxide concentrations were not found

for CRP.

A cohort study conducted in three U.S. locations (1996—-1998) examined various blood biomarkers of
coagulation and inflammation (i.¢., fibrinogen, factor VIII-C, von Willebrand factor, serum albumin,
WBC) in subjects enrolled in an Atherosclerosis Risk in Communities Study (n=10,208) and found a
significant association between increasing air carbon monoxide concentrations (mean 1.4 ppm, SD: 0.6)
and decreasing serum albumin concentrations (Liao et al. 2005). A 0.6 ppm increase in air carbon
monoxide concentration corresponded to a 0.018 g/dL (SE: 0.003, p<0.01) decrease in serum albumin
concentration. Other blood biomarkers evaluated were not significantly associated with air carbon

monoxide concentration; results of multi-pollutant models were not reported.
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A panel study conducted in Efert, German (2000-2001) examined air carbon monoxide concentrations
(mean: 0.52 mg/m’, range: 0.11-1.93) and several blood biomarkers of coagulation and inflammation in
57 nonsmoking male coronary heart disease patients (age range: 51-7 years; Rickerl et al. 2006).
Biomarkers evaluated included inflammation markers, CRP and SAA; cell adhesion markers, E-selectin,
vWF, ICAM-1; and coagulation markers, fibrinogen, FVII, and prothrombin fragment 1+2. Odds ratios
for increase in air carbon monoxide concentration of 0.27 mg/m’ (2-day lag) were: increasing CRP,

1.5 (95% CI: 1.1-2.1); increasing ICAM-1, 1.7 (95% CIL. 1.3-2.3); decreasing FVII, 2.8 (95% CIL: 5.1-
0.4). Significant associations were not found for other blood biomarkers, including fibrinogen. A larger
cohort study did not find significant associations between ambient air carbon monoxide concentrations
(mean range: 0.3—1.48 mg/m’) and plasma interleukin-6 (IL-6), CRP, or fibrinogen among myocardial
infarction survivors (n=1,003, age range: 31-87 years) in six European cities (2003-2004, Riickerl et al.

2007).

A panel study conducted in Milan, Italy (1995-2005) evaluated associations (mean range: 1.14—

3.11 ppm; highest value: 11.4 ppm) between air carbon monoxide concentrations and several blood
coagulation, using prothrombin time (PT) and activated partial thromboplastin time (APTT) as outcome
measures in 1,218 healthy adolescents and adults (age 11-84 years; Baccarelli et al. 2007). Increasing
ambient air carbon monoxide concentration was associated with a decrease in PT (B coefficient: -0.11;
95% CI. -0.18, -0.05). Associations were also significant for PM;, and NO,; however, results from
multi-pollutant models were not reported. Significant associations with carbon monoxide were not found
for other blood biomarkers evaluated in the study, including: carbon monoxide had no effect on
fibrinogen, functional antithrombin, functional protein C, protein C antigen, functional protein S, or free

protein S.

Musculoskeletal Effects. Studies evaluating effects of exposure to low levels of carbon monoxide
(i.e., producing blood COHb levels <20%) on bone in humans or animals were not identified. In mice
continuously exposed to 2,400 ppm for 180 days, increased bone mass was observed in parietal bone,
sternum, lumbar vertebrae, and ribs (but not femur), and the marrow cavities of ribs, parietal bone, and

femurs were expanded (Zebro et al. 1983).

Studies evaluating effects of exposure to low levels of carbon monoxide (i.e., producing blood COHb
levels <20%) on muscle tissue in humans or animals were not identified. Rhabodomyolysis and
myonecrosis have been reported in cases of carbon monoxide poisoning (Florkowski et al. 1992; Herman

ctal. 1988; Kuska et al. 1980; Wolff 1994). Damage to muscle tissue is consistent with hypoxia due to
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binding of carbon monoxide to Hb and myoglobin and with inhibition of cellular acrobic metabolism due

to binding of carbon monoxide to intracellular cytochrome oxidases (Wolff 1994).

Hepatic Effects. Studics evaluating hepatic effects of exposure to low levels of carbon monoxide
(i.e., producing blood COHb levels <20%) were not identified. Although the liver has not been identified
as a specific target organ for carbon monoxide-induced toxicity, exposure to carbon monoxide at levels
producing hypoxia would be expected to affect any tissue, in particular those tissues with high O,

utilization requirements (¢.g., brain, liver, kidney, heart, small intestine).

Renal Effects. Studies evaluating renal effects of exposure to low levels of carbon monoxide (i.e.,
producing blood COHb levels <20%) were not identified. Although the kidney has not been identified as
a specific target organ for carbon monoxide-induced toxicity, exposure to carbon monoxide at levels
producing hypoxia would be expected to affect any tissue, in particular those tissues with high O,
utilization requirements (e.g., brain, liver, kidney, heart, small intestine). Acute renal failure secondary to
rhabdomyolysis has been observed in cases of acute carbon monoxide poisoning (Florkowski et al. 1992;

Kuska et al. 1980, WHO 1999; Wolff 1994).

Endocrine Effects. Studies evaluating endocrine effects of exposure to low levels of carbon
monoxide (i.e., producing blood COHb levels <20%) were not identified. Although the endocrine system
has not been identified as a specific target for carbon monoxide-induced toxicity, exposure to carbon

monoxide at levels producing hypoxia would be expected to affect any tissue.

Dermal Effects. Studies evaluating dermal effects of exposure to low levels of carbon monoxide (i.c.,
producing blood COHb levels <20%) were not identified. Skin lesions have been observed in patients
with severe carbon monoxide poisoning (Myers et al. 1985; Torne et al. 1991). Lesions are primarily
observed in pressure arcas and are characterized by blisters, subepidermal vesicles, and sweat gland

NEeCrosis.

Ocular Effects. No information was identified to indicate that carbon monoxide is an ocular irritant in
humans or animals. Visual field deficits, temporary or permanent blindness, retinal venous congestion,
retinal hemorrhage, papilledema, and optic atrophy have been associated with severe carbon monoxide

poisoning in humans (Choi 2001).
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3.2.3 Immunological and Lymphoreticular Effects

Little information is available regarding the potential of carbon monoxide exposure to produce adverse
immunological effects. Epidemiological studies blood biomarkers of immunological status are
summarized in the section on Hematologic Effects. Immunological biomarkers examined in these studies
have included CRP, serum amyloid A (SAA), and WBC; however, other markers that can be influenced
by the immune system have also been evaluated, including cell adhesion markers such as E-selectin,
vWF, ICAM-1; and coagulation markers such as fibrinogen, FVII, prothrombin fragment 1+2, PT, and
APTT. Although results of these studies have been mixed, collectively, they provide some evidence for
associations between ambient air carbon monoxide concentration and changes in hematological indicators
of inflammation and coagulation. However, these studies do not distinguish between possible effects of
carbon monoxide and/or other air pollutants on the immune system from indirect effects of carbon
monoxide on blood biomarkers. Mechanistic studies have revealed evidence that carbon monoxide may

participate in the regulation of immune function (see Section 3.5.2, Mechanisms of Toxicity).

Results of a study in guinea pigs investigating the effects of repeated brief bursts of carbon monoxide on
systemic immune function were equivocal (Snella and Rylander 1979). Exposure of guinea pigs to

3 minute bursts of 10,000 ppm carbon monoxide 12 times/day for 4 weeks resulted in an 88% reduction
in the number of splenic plaque-forming cells, compared to unexposed controls; however, the reduction
did not reach statistical significance. Studies evaluating effects of gestational exposure on the developing
immune system function are reviewed in Section 3.2.6 (Developmental Effects) (Giustino et al. 1993,

1994).

3.24 Neurological Effects

The literature reporting adverse nervous system effects, specifically central nervous system effects, of
acute exposure of humans to carbon monoxide is extensive. This literature includes case studies of
carbon monoxide poisoning, clinical studies of neurobehavioral effects of controlled exposures in
humans, and experimental studies in a variety of animal models (¢.g., dogs, rodents, nonhuman primates).
Much of this literature has been summarized and analyzed in recent reviews and meta-analyses (Benignus
etal. 1990; EPA 1991, 2000; Kao and Nafiagas 2006; Raub et al. 2000; Raub and Benignus 2002; WHO
1999). This section summarizes the major findings from these analyses. Although the literature on
central nervous system effects of acute experimental and accidental exposures of humans to carbon

monoxide is extensive, reports of effects of longer duration exposure of humans are not available. Effects
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of gestational and perinatal exposure on the developing nervous system are discussed in Section 3.2.6

(Developmental Effects).

Acute exposure to high levels of carbon monoxide produces symptoms of central nervous system toxicity
(EPA 1991, 2000; Ernst and Zibrak 1998; Raub and Benignus 2002; WHO 1999). Symptoms of central
nervous system toxicity include headache, dizziness, drowsiness, weakness, nausea, vomiting, confusion,
disorientation, irritability, visual disturbances, convulsions, and coma. Symptoms vary depending upon
the degree of exposure; headache and dizziness are the most commonly reported symptoms (Dolan 1985;
Ernst and Zibrak 1998). Neuroimaging evaluations of patients with acute carbon monoxide poisoning
show lesions of the basal ganglia (primarily of the globus pallidus) and white matter (Hopkins et al. 2006;
Kao and Nafiagas 2006; Lo et al. 2007, Parkinson et al. 2002). Following acute-onset effects, delayed
development of neuropsychiatric impairment may occur within 1-4 weeks of exposure, with symptoms
including inappropriate euphoria, impaired judgment, poor concentration, memory loss, cognitive and
personality changes, and psychosis. Delayed neuropsychiatric impairment has been estimated to occur in
up to 68% of patients with acute carbon monoxide poisoning (Ernst and Zibrak 1998; Kao and Nafiagas
2006; Raub and Benignus 2002; Raub et al. 2000; WHO 1999; Wolf et al. 2008). The relationship
between initial symptom severity and the likelihood of developing of delayed neuropsychiatric
impairment has not been established. A cohort analysis of 256 patients with carbon monoxide poisoning
suggests that initial symptom severity does not correlate to delayed-onset effects (Chambers et al. 2008).
However, based on a review of available data, Kao and Nafiagas (2006) concluded that patients with more

severe initial symptoms are more likely to develop delayed neuropsychiatric impairment.

Mechanisms of acute and delayed adverse nervous system effects produced by carbon monoxide have not
been conclusively established. Tissue hypoxia secondary to COHb formation may be a contributing
factor; particularly in association with high levels of blood COHb (>60%); however, direct cellular effects
of carbon monoxide (¢.g., ATP depletion, exitotoxicty, oxidative stress, immunological responses) and
postischemic reperfusion injury may also contribute to neurotoxicity (see Section 3.5.2, Mechanisms of
Toxicity) (Ernst and Zibrak 1998; Gorman et al. 2003; Kao and Nafiagas 2006). Under conditions of
hypoxia, including that induced by COHb formation, cerebrovascular vasodilation and increased cardiac
output occur as compensatory mechanisms to maintain O, delivery to the brain (Gorman et al. 2003;
Helfaer and Traystman 1996; Raub and Benignus 2002; WHO 1999). In healthy individuals,
cardiovascular compensation effectively maintains whole brain O, delivery up to COHb levels of
approximately 60% (EPA 2000). However, based on studies conducted in animals, the elevated cerebral

blood flow during carbon monoxide exposure is heterogeneous among different brain regions and may
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not be sufficient to satisfy O, demand in all brain regions (Okeda et al. 1987; Sinha et al. 1991).
However, despite these compensatory cardiovascular actions, cerebral O, consumption declines as blood
COHBb levels increase, with statistically significant decreases at COHb levels of 30-50% (Raub and
Benignus 2002). Results of an analysis conducted by EPA (2000) of data obtained in goats (Doblar ¢t al.
1977) and sheep (Langston et al. 1996) show that the cerebral metabolic rate for O, (CMRO,) decreased
10% at a blood COHb of approximately 23%. These results are consistent with data obtained from
humans showing no statistically significant decline in CMRO, at COHb levels up to 20% (Paulson et al.
1973).

Based on an extensive database of acute carbon monoxide poisoning, it is generally accepted that central
nervous system symptoms are associated with acute exposures that produce blood COHD levels >20%
(EPA 1991, 2000; Raub and Benignus 2002; Raub et al. 2000; WHO 1999). However, results of clinical
studies of associations between carbon monoxide exposure and carbon monoxide-induced nervous system
effects at blood COHb levels between 5 and 20% are more difficult to interpret (EPA 1991, 2000; Raub
and Benignus 2002; Raub et al. 2000; WHO 1999). Numerous clinical studies have investigated the
potential for carbon monoxide to induce adverse nervous system effects at COHb levels <20%, including
visual and auditory sensory effects (decreased visual tracking, visual and auditory vigilance, visual
perception), fine and sensorimotor performance, cognitive effects (altered time discrimination, learning,
attention level, driving performance), and brain electrical activity (Benignus et al. 1990; EPA 1991, 2000;
Raub and Benignus 2002; Raub ¢t al. 2000). Interpretation of results from most of these clinical studies
is complicated by poor study design (single-blind or unblinded designs, small number of study subjects),
inadequate reporting, inconsistent results, and inability to duplicate positive findings (Benignus et al.
1990; EPA 1991, 2000; Raub and Benignus 2002; Raub et al. 2000). Therefore, although evidence has
been provided for central nervous system effects in humans in association with carbon monoxide
exposures that result in COHb levels <20%, dose-response relationships for these effects have not been
firmly established. Effects of exposure to ambient environmental levels of carbon monoxide on

neurological function and behavior have not been investigated in epidemiological studies.

Benignus (1994) conducted a meta-analysis of the clinical literature on carbon monoxide-induced
behavioral effects, (also see Benignus et al. 1990; EPA 2000; Raub and Benignus 2002). To minimize
the introduction of bias from poorly designed studies, the Benignus analysis included only studies
conducted using a double-blind design. The primary goal of these analyses was to compare the dose-
response relationship of carbon monoxide-induced effects in humans to other extrapolated data;

specifically, the dose-response functions for COHb-induced behavioral effects in rats and for hypoxic

***DRAFT FOR PUBLIC COMMENT***



CARBON MONOXIDE 92

3. HEALTH EFFECTS

hypoxia (HH)-induced behavioral effects in humans. Rat COHDb dose-response data were converted to
human COHb equivalents using a modification of the CFK human model, adjusted to predict exposure-
COHBD relationships in rats (Benignus and Annau 1994). Data on behavioral effects were also adjusted to
account for carbon monoxide-Hb-related hypothermia that occurs in rats (Gordon 1990), but not in
humans, assuming response additively of hypothermia and hypoxia (Benignus 1994). Dose-response data
for HH-induced behavioral effects were converted to COHb equivalents (COHb% that yields the
equivalent arterial O, content as a given level of HH) and were corrected for hyperventilation that occurs
in HH, and resulting changes in alveolar ventilation rate, based on estimates of blood CO, (ic.,
hypocapnia-induced by HH). For all data sets (i.¢., carbon monoxide human, carbon monoxide rat, HH
human), behavioral responses were transformed to percent of baseline response. Dose-response curves
were fit to the extrapolated carbon monoxide rat and HH human data; curve-fitting was not conducted for
carbon monoxide human data, due to the small effect level and low COHb levels. Comparison of the
extrapolated carbon monoxide rat and HH human data showed very close agreement, with nearly
superimposable dose-response curves (Figure 3-1); comparison of dose-response data from carbon
monoxide humans to extrapolated data from HH humans is shown in Figure 3-2. The dose-response
relationship from this meta-analysis predicts a 10% decrement in behavioral outcomes in humans in
association with COHb levels of approximately >20% (range: approximately 18-25%, based on 90%
confidence limits) in healthy, sedentary individuals. As discussed by Benignus (1994) and others
(Benignus et al. 1990; Raub and Benignus 2002; EPA 1991), the magnitude of behavioral effects that
may occur at blood COHb levels <20% is expected to be small. Although most task performances are not
likely to be affected, it is possible that even small effects (i.c., <10% decrement) could interfere with
successful task performance for more difficult or demanding tasks. Therefore, potential minimal
behavioral changes occurring at COHb levels <20% may be important under certain conditions or in
sensitive individuals (¢.g., individuals with compromised cardiovascular or central nervous system

function).

Clinical studies evaluating exposure to low levels of carbon monoxide (i.¢., producing blood COHb levels
<20%) have focused on the potential for carbon monoxide to induce behavioral effects; however, very
little information is available on the effects of carbon monoxide on sensory system function in humans.
Results of clinical studies in evaluating the effects of low carbon monoxide exposures on alterations in
sensory perception (i.c., visual and auditory) are equivocal (EPA 1991, 2000). Epidemiological studies
have not assessed the potential for carbon monoxide to produce alterations in sensory system function.
Studies conducted in mature rats provide evidence that acute exposure (<10 hours) to higher levels of

carbon monoxide (500-1,500 ppm) potentiates noise-induced hearing loss, including noise-induced
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Figure 3-1. HH Human and Carbon Monoxide Rat Curves*
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*Behavioral decrements in rats with elevated COHb (dashed line) compared to behavioral effects in hypoxic humans
(solid line) in which hypoxia has been expressed in equivalence to COHb.

Source: Raub and Benignus 2002
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Figure 3-2. HH Human and Carbon Monoxide Human*
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*Behavioral decrements in humans (circles) with elevated COHb compared to behavioral effects in hypoxic humans
(solid and dotted lines) in which hypoxia has been expressed in equivalence to COHb. Closed and open circles were
the mean values for studies reporting statistically and non-significant results, respectively.

Source: Raub and Benignus 2002
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clevation of compound action potential threshold (Chen and Fechter 1999) and auditory threshold shifts
(Fechter et al. 1988; Young et al. 1987). In these studies, exposure to carbon monoxide alone did not
produce changes in auditory function. Noise-induced hearing loss was partially reversed within 4 weeks
following exposure to noise alone, but not following exposure to noise and carbon monoxide (Chen and
Fechter 1999). Results are consistent with carbon monoxide-induced impairment of mechanisms that
repair noise-induced damage to outer hair cells. In marked contrast to results observed in adult rats,
developmental studies in animals show that gestational and early postnatal exposure to low levels of
carbon monoxide (i.e., 12-25 ppm carbon monoxide) may lead to altered development of the auditory
system (Lopez et al. 2003, 2008; Stockard-Sullivan et al. 2003; Webber et al. 2003). These data are

discussed 1n Section 3.2.6.

Additional evidence for effects of carbon monoxide on depressed auditory thresholds and increased
cochlear blood flow have been provided from studies in which adult rats received parenteral doses of
carbon monoxide (Fechter et al. 1987b). However, in these studies, auditory thresholds assessed by
measurement of the compound action potential recorded at the round window remained stable up to
COHBD levels of at least 30%. Transient impairments of the compound action potential threshold were
observed among subjects that attained COHD levels of approximately 50%. Cochlear blood flow
measured using laser Doppler flowmetry also increased following carbon monoxide exposure, reaching a
maximum of 140% of control values at approximately 50% COHb. In those instances of high COHb
production that did produce impairment of auditory threshold, recovery of function was observed as

COHBD levels declined.

3.2.5 Reproductive Effects

Fetal death in humans has been reported in cases of maternal carbon monoxide poisoning during
pregnancy. Epidemiological studies have examined possible relationships between exposures to ambient
air concentrations of carbon monoxide and fetal mortality (see Section 3.2.6). Studies in animals provide

further evidence that maternal exposure during pregnancy can result in fetal death.

Case Reports. Secveral case reports have evaluated pregnancy outcomes following acute carbon
monoxide poisoning (Brown et al. 1992; Caravati et al. 1988; Cramer 1982; Elkharrat ¢t al. 1991; Farrow
et al. 1990; Greingor et al. 2001; Hollander et al. 1987; Margulies 1986; Norman and Halton 1990;
Silverman and Montano 1997). In all cases, the severity of carbon monoxide poisoning required

emergency room treatment or hospitalization, suggesting that maternal COHD levels exceeded 20%.
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Pregnancy outcomes varied widely, from delivery of healthy infants at term to fetal death within first few
days of exposure. Pregnancy outcome is most likely related to fetal age at time of exposure and severity
of maternal poisoning, although, maternal COHb levels are not a good indicator of fetal outcome
(Greingor et al. 2001). Fetal death may be secondary to maternal hypoxia and/or fetal hypoxia. The
available information from these cases is not adequate to define dose-response relationships for acute

carbon monoxide exposure and pregnancy outcomes.

Animal Studies. Few animal studies have assessed the effects of carbon monoxide exposure on
reproductive function. Continuous exposure of male mice to 50 ppm carbon monoxide for 2 weeks prior
to mating with unexposed females or of male and female mice to 50 ppm carbon monoxide for 2 weeks
prior to mating had no effect on pregnancy rate or live or dead fetuses/dam (Stupfel and Bouley 1970).
Exposure of pregnant rats over the entire gestational period to up to 200 ppm carbon monoxide had no
effect on number of liters, fetuses per litter, or number of live/dead pups per litter (Fechter and Annau
1977; Penney et al. 1983). In contrast, increased fetal death during the first 24 hours of the postnatal
period was observed in rabbits following matemal exposure to 90 and 180 ppm carbon monoxide during

pregnancy (9.9 and 35% mortality) (Astrup et al. 1972).

3.2.6 Developmental Effects

Epidemiological studies have examined possible associations between exposure to ambient air carbon
monoxide concentrations and various developmental outcomes, including pre-term birth, birth weight,
congenital anomalies, and neonatal and infant death. Results of these studies have been mixed and,
collectively, do not provide strong evidence for developmental effects in association with exposures to
ambient levels of carbon monoxide. Studies conducted in animals provide evidence of adverse
developmental effects of gestational and early postnatal carbon monoxide exposure, including decreased
fetal weight, adverse central nervous system development, altered peripheral nervous system
development, cardiac effects, altered sexual behavior, immunological effects, and hematological effects.

In addition, some studies showed that developmental effects persisted beyond the postnatal period.

Epidemiological Studies. Interpretation of the results of epidemiological studies of developmental effects
of carbon monoxide, in particular, quantitative estimates of the effect magnitudes on outcomes, is limited
by several factors: (1) reliance on area monitoring for estimating exposure level that may not represent
exposures that occurred during any particular period of gestation; (2) uncertainty in knowledge of

temporal correspondence between monitored exposure levels and outcomes; (3) relatively strong
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correlations between ambient air carbon monoxide concentrations and other air quality variables that may
affect developmental outcomes; and (4) relatively low carbon monoxide exposures studied. In general,
these studies have examined relatively low air carbon monoxide concentrations, typical of ambient levels
(e.g., mean concentrations ranging from 0.5 to 3 ppm, with the highest reported values <10 ppm). The
presentation of the epidemiological studies is organized by major categories of birth and neonatal
outcomes. Study conclusions are presented in the text, with selected supporting details presented in
tabular form (Table 3-8). Although most studies explored various time lags between monitored air carbon
monoxide concentrations and outcomes, as well as various sample strata, for the sake of brevity, only
selected representative time lags (usually those indicative of the strongest associations to carbon
monoxide) are presented in the tables. Where co-pollutant models have been explored, these results are

also presented.

Studies of Pre-term Birth. Several epidemiological studies have examined possible associations between
ambient air carbon monoxide concentrations and risk of pre-term birth (Huynh et al. 2006, Jalaludin et al.
2007; Leem et al. 2006; Liu et al. 2003; Ritz et al. 2000, 2007; Wilhelm and Ritz 2005). Results of these
studies have been mixed and have included estimates of significantly elevated risk or lower risks of pre-
term birth (Jalaludin et al. 2007). Mean air carbon monoxide concentrations evaluated in these studies

ranged from 0.8 to 2.7 ppm, with the highest values <10 ppm (Ritz et al. 2000).

A retrospective cohort study (n=97,158 births) conducted in southern California (1989-1993) found a
significant association between increasing air carbon monoxide concentration (mean: 2.7 ppm, range:
0.6-9.12) and pre-term birth (Ritz et al. 2000). After adjustment for other risk factors as well as ambient
air concentrations of NO,, Os, and PM;,, the relative risk of pre-term birth was estimated to be 1.12 (95%
CI: 1.04-1.21) per 3 ppm increase in air carbon monoxide concentration during the last 6 weeks of
pregnancy. Subjects were matched to ambient carbon monoxide measurements made at monitors that
were <2 miles from the residence. In a follow-up study (1994-2000) that included 106,483 births,
relative risk (adjusted for NO, and O;) was estimated to be 1.10 (95% CI: 1.03-1.08) per 1 ppm
increment in air carbon monoxide concentration during the last 6 weeks of pregnancy (Wilhelm and Ritz
2005). The association was not significant when PM;, was included in the model along with NO, and O;
(relative risk: 0.98; 95% CI. 0.83-1.18). A subsequent analysis of Southern California data included a
nested case-control study consisting of a subset of 2,543 cases of pre-term birth (<37 weeks of gestation)
or low birth weight (<2,500 g) and an equal number of randomly selected controls for a larger cohort of
58,316 births (Ritz et al. 2007). Detailed individual data on potential co-variables were obtained,

including maternal age, race, education, marriage status, birth season, parity, active and passive smoking,
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Table 3-8. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and

Developmental Outcomes

Study

Design features

CO exposure

Effect size

Bell et al. (2007)

Period: 1999-2002
Location: Connecticut and
Massachusetts

Brauer et al. (2008)
Period: 1999-2004
Location: Vancouver, Canada

Chen et al. (2002)
Period: 1991-1999
Location: Nevada

Gilboa et al. (2005)
Period: 1997-2000
Location: Texas

Outcome: BW, LBW

Design: Retrospective cohort
Sample: n=358,504 live full term
singleton births

Outcome: PTB, LBW, SGA
Design: Retrospective cohort
Sample: n=70,249 live singleton
births

Outcome: BW, LBW

Design: Retrospective cohort
Sample: n=39,338 live singleton
births

Outcome: CA (heart, orofacial)
Design: Case-control

Avg time: 24 hours
Mean: 0.65 ppm
SD: 0.2 ppm

Avg time: 24 hours
Mean: 0.55 ppm
Range: 0.11-1.23 ppm

Avg time: 8 hours
Mean: 0.86 ppm
Range: 0.42—-4.25 ppm

Avg time: 24 hours
Mean: NR

Increment: 0.30 ppm

B coefficient (95% CI) BW (Q), total gestation:

CO: -16.2 (-19.7,-12.6)

Significant negative 3 persisted after adjustment

for NO,, SO,, PM, 5, or PMyq
OR (90% CI) LBW, total gestation:
CO: 1.028 (0.983-1.074)

Increment: 0.1 mg/m®

OR (95% CI), total gestation:
SGA: 1.06 (1.03-1.08)
LBW: 1.02 (0.96-1.09)
PTB: 1.16 (1.01-1.33)
Increment. 1ppm

B coefficient (SE), BW (Q):
TM1: -1.02 (6.68)

TM 2: -0.07 (6.58)

TM 3: -3.95 (6.76)

Not significant when adjusted for PM,q or O3

ORs not significant for LBW

Increment: <0.4 ppm (reference), 0.4-0.5 (L),

0.5-0.7 (M), >0.7 (H)
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25"-75"%: 0.4-0.7 ppm  OR (95% CI), 3-8 weeks of gestation:
Conotruncal defect: (L) 1.38 (0.97-1.97); (M)1.17
(0.81-1.70); (H) 1.46 (1.03-2.08)

Teratology of Fallot: (L) 0.92 (0.52-1.62); (M)
1.17 (0.75-2.14); (H) 2.04 (1.16-3.29)

CO not associated with other heart defects or

orofacial defects

Sample: n=4,594 cases
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Table 3-8. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and
Developmental Outcomes

Study Design features CO exposure Effect size
Gouveia et al. (2004) Outcome: BW, LBW Avg time: 8 hours Increment: 1 ppm
Period: 1997 Design: Retrospective cohort Mean: 3.7 ppm B coefficient (95% CI), BW (Q):

Location: San Paulo, Brazil

Ha et al. (2001)
Period: 1996-1997
Location: Seoul, South Korea

Ha et al. (2003)
Period: 1995-1999
Location: Seoul, South Korea

Huynh et al. (2006)
Period: 1999-2000
Location: California

Sample: n=179,460 live full term
singleton births

Outcome: LBW

Design: Retrospective cohort
Sample: n=276,763 live full-term
singleton births

Outcome: Post-neonatal mortality
(1-12 months)

Design: Time series

Sample: n=1,045 deaths
Outcome: PTB

Design: Case-control

Sample: n=10,673 cases (24—
36 weeks), 32,119 controls (39—
44 weeks)

Range: 1.1-11.4

Avg time: 8 hours
Median: 1.7 ppm
25"-75"%: 0.99-1.41

Avg time: 24 hours
Median: 1.2 ppm
Range: 0.39-3.38 ppm

Avg time: 24 hours
Mean: 0.8 ppm
SD: 0.2 ppm

TM1: -23.1 (-41.3t0-4.9)

TM 2: 3.2 (-18.210 24.5)

TM 3: 1.9 (-18.210 22.0)

Significant negative 3 did not persist after
adjustment for SO, or PMyj.

OR (95% Cly, LBW: 4"vs. 1% quartile exposure:
TM 1: 1.02 (0.82-1.27);

TM 2: 1.07 (0.88-1.30)

TM 3: 0.93 (0.76-1.12)

Increment. 0.42 ppm

RR (95% ClI)

TM1: 1.08 (1.04-1.12)

TM 3: 0.91 (0.87-0.96)

Increment: 0.57 ppm

RR (95% CI), lag 0 days:

All causes: 1.020 (0.976-1.067)
Respiratory: 1.388 (1.009-1.911)

Increment. 1 ppm

OR (95% CI)

Month 1 (of gestation):

CO: 1.10 (0.999-1.20)
CO+PM;5s: 1.03 (0.93-1.13)
Last 2 weeks:

CO: 1.00 (0.93-1.09)
CO+PM;s: 0.97 (0.90-1.06)
Total gestation:

CO: 1.06 (0.95-1.18)
CO+PM, 4 0.98 (0.87-1.10)
No significant trend in OR with exposure quartile
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Table 3-8. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and
Developmental Outcomes

Study

Design features

CO exposure

Effect size

Hwang and Jaakkola (2008)
Period: 2001-2003
Location: Taiwan

Jalaludin et al. (2007)
Period: 1998-2000
Location: Sydney, Australia

Lee et al. (2003a)
Period: 1996-1998
Location: Seoul, Korea

Outcome: CA (oral cleft)
Design: Case-control
Sample: n=653 cases

Outcome: PTB (<37 or <42 weeks)
Design: Retrospective cohort
Sample: n=721,289 full-term
singleton births

Outcome: LBW

Design: Retrospective cohort
Sample: n=388,105 live full-term
singleton births

Avg time: 8 hours
Mean: 0.69 ppm
Range: 0.25-2.7 ppm

Avg time: 8 hours
Mean: 0.9 ppm
SD: 0.68 ppm

Avg time: 24 hours
Mean: 1.2 ppm
Range: 0.4-3.4 ppm

Increment: 0.1 ppm

RR (95% CI), oral cleft

Cleft lip:

Month 1: 1.00 (0.96-1.04)

Month 2: 1.00 (0.96-1.03)

Month 3: 1.00 (0.96-1.03)

Cleft lip with or without cleft palate:
Month 1: 1.00 (0.97-1.04)

Month 2: 1.00 (0.97-1.05)

Month 3: 1.00 (0.96-1.04)

No significant ORs after adjustment for NO,, O3, or
PMq

Increment. 1 ppm

RR(95% CI) <5 km of monitoring site or city-wide
Month 1, <5 km: 1.03 (0.68-1.54)
Month 1, city-wide: 0.89 (0.84-0.95)
TM 1, <5 km): 1.24 (0.81-1.91)

TM 1, city-wide:0.77 (0.71-0.83)

Last month, <5 km: 1.00 (0.86-1.15)
Last month, city-wide: 0.96 (0.88—-1.04)
TM 3, <5 km: 1.11 (0.94-1.31)

TM 3, city-wide: 0.99 (0.90-1.09)
Increment. 0.5 ppm

OR (95% CI)

TM1: 1.04 (1.01-1.07)

TM 2: 1.03 (1.00-1.06)

TM 3: 0.96 (0.93-0.99)

Total gestation: 1.05 (1.01-1.09)
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Study Design features CO exposure Effect size
Leem et al. (2006) Outcome: PTB Avg time: 24 hours Increment: quartiles (mg/m°): 1% 0.47-0.63; 2™
Period: 2001-2002 Design: Retrospective cohort Mean: NR 0.6-0.77, 3" 0.78-0.90, 4" 0.91-1.27
Location: Incheon, Korea Sample: n=52,113 live singleton Range: 0.3-1.4 ppm OR (95% CI)
births TM 1: 2™ 0.92 (0.81-1.05); 3", 1.14 (1.01-1.29);

4™ 1.26 (1.11-1.44)
TM 3: 2™, 1.07 (0.95-1.21); 3", 1.07 (0.94—1.22);
4™ 1.16 (1.01-1.34)

Lin et al. (2004a) Outcome: Neonatal mortality Avg time: 24 hours Increment. 0.57 ppm
Period: 1998-2000 (<28 days) Median: 2.83 ppm B coefficient (SE), deaths per day, lag 0 days
Location: Sao Paulo, Brazil Design: Time series Range: 0.54-10.25 ppm  0.0061 (0.0110)
Sample: n=6,700 deaths
Lin et al. (2004b) Outcome: LBW Avg time: 24 hours Increment. <1.1 (reference),1.1-14.2 (L) vs. >
Period: 1995-1997 Design: Retrospective cohort Mean: Taipei, 0.84— 14.2 (H) ppm
Location: Taiwan Sample: n=92,288 live full-term 1.31 ppm; Kaohsiun, 5.56— OR (95% CI):
singleton births 10.05 ppm TM1: (L) 1.01 (0.89-1.16); (H) 0.90 (0.75 -1.09)
Range: NR TM 2: (L) 1.02 (0.90-1.16); (H) 1.00 (0.82-1.22)
TM 3: (L) 0.88 (0.77-1.00); (H) 0.86 (0.71-1.03)
Total gestation: (L) 0.89 (0.77-1.01); (H) 0.77
(0.63-0.94)
Liu et al. (2003) Outcome: PTB LBW, IUGR Avg time: 24 hours Increment. 1 ppm
Period: 1985-1998 Design: Retrospective cohort Mean: 1.0 ppm OR (95% CI)
Location: Vancouver, Canada Sample: n=386,202 live singleton 25"-75"%: 0.7-1.2 ppm  PTB, first month: 0.95 (0.89-1.01)
births PTB, last month: 1.08 (1.01-1.15)

LBW, first month: 1.01 (0.93-1.09)
LBW, last month: 0.96 (0.88—1.04)
IUGR, first month:1.06 (1.01-1.10)
IUGR, last month: 0.98 (0.94-1.03)
IUGR, TM 1: 1.05 (1.00-1.10)
IUGR, TM 2: 0.97 (0.92-1.01)
IUGR, TM 3: 0.97 (0.93-1.02)
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Table 3-8. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and
Developmental Outcomes

Study

Design features

CO exposure

Effect size

Liu et al. (2007)
Period: 1995-2007
Location: Canada

Maisonet et al. (2001)
Period: 1994-1996
Location: Northeast United
States

Mannes et al. (2005)
Period: 1998-2000
Location: Sydney, Australia

Outcome: IUGR

Design: Retrospective cohort
Sample: n=386,202 live singleton
births

Outcome: BW

Design: Retrospective cohort
Sample: n=89,557 live full term
singleton births

Outcome: BW, SGA

Design: Retrospective cohort
Sample: n=136,056 live full term
singleton births

Avg time: 24 hours
Mean: 1.1 ppm
25"-75"%: 0.6—1.3 ppm

Avg time: 24 hour
Mean: 1.1 ppm
25"-75"%: 0.9-1.5 ppm

Avg time: 8 hour
Mean: 0.8 ppm
25"-75"%: 0 —-4.6 ppm

Increment: 1 ppm

RR (95% ClI)

T™ 1;

C0:1.18 (1.14-1.23)
CO+NO,+05: 1.18 (1.12-1.24)
™ 2;

C0O:1.14 (1.10-1.18)
CO+NO,+0;: 1.15 (1.08-1.21)
™ 3;

C0O:1.09 (1.24-1.14)
CO+NO,+0;: 1.20 (1.14-1.26)
Increment. 1 ppm

OR (95% Cl):

TM1: 1.08 (0.91-1.28)

TM 2: 1.14 (0.83-1.58)

TM 3: 1.31 (1.06-1.62)
African-Americans:

TM1: 1.43 (1.18-1.74)

TM 2: 1.27 (0.87-1.86)

TM 3: 1.75 (1.50-2.04)

CO had no effect on strata for whites or Hispanics

Increment: 1 ppm

B coefficient (95% CI) BW (g), TM 2, <5 km from
monitoring site:

CO: -29.87 (-50.98, -6.76)

CO+NO,: -20.17 (-43.12,2.78)

CO+ PMyq: -27.31 (-55.30, 0.68)

OR (95% CIl) SGAmM <5 km from monitoring site:
TM 1: 0.99 (0.86-1.14)

TM 2: 1.06 (0.90-1.25)

TM 3: 1.05 (0.90-1.23)

One month prior to birth: 1.10 (9.96-1.27)
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Study Design features CO exposure Effect size
Medeiros and Gouveia (2005)  Outcome: BW and LBW Avg time: 24 hours Increment: 1 ppm
Period: 1998-2000 Design: Retrospective cohort Mean: ~2-3ppm B coefficient (95% CI) BW
Location: Sao Paulo, Brazil Sample: n=311,735 live ful-term  Range: ~1-12 ppm T™M1: -11.9 (-13.5, -8.2)
singleton births (37—41 weeks) TM 2 4.9 (0.5-9.3)

TM 3: 12.1 (7.6-16.6)
OR (85% CI) LBW (75" % vs 25" %):
TM 1: 0.98 (0.91-1.06);

TM 2: 0.97 (0.90-1.05)

TM 3: 1.03 (0.96-1.11

Parker et al. (2005) Outcome: BW, SGA Avg time: 24 hours Increment (ppm): <0.57 (reference), 0.57-0.76
Period: 2000 Design: Retrospective cohort Mean: 0.78 ppm (L), 0.76-0.93 (M), >0.93 (H)
Location: California Sample: n=18,247 live full-term  25"-95"%: 0.57-0.93 ppm OR (95% CI) for total gestation:
singleton births CO, L: 0.93 (0.80-1.09)
CO, M: 0.91 (0.78-1.06)
CO, H: 0.95(0.81-1.12)
CO (L) + PM,5: 0.90 (0.77-1.06)
CO (M) + PM,5: 0.91 (0.77-1.07)
CO (H) + PM,5: 0.82 (0.68-0.99)
Ritz and Yu (1999) Outcome: LBW Avg time: 6-9 AM Increment (ppm): <2.2 (reference), 2.2-<5.5 (L),
Period: 1989-1993 Design: Retrospective cohort Mean: 2.59 ppm >5.5 (H)
Location: California Sample: n=125,275 live full-term 95"%: 5.5 ppm OR (95% ClI)
singleton births CO (L): 1.04 (0.96-1.13)

CO, (H): 1.22 (1.03-1.44)
CO (L)+ NO,+O5_PM;o: 1.10 (0.91-1.32)
CO (H)+ NO,+O;_PMq: 1.38 (0.86-2.22)
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Table 3-8. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and
Developmental Outcomes

Study

Design features

CO exposure

Effect size

Rtiz et al. (2000)
Period: 1989-1993
Location: California

Ritz et al. (2002)
Period: 1987-1993
Location: California

Ritz et al. (2006)
Period: 1989-2000
Location: California

Outcome: PTB

Design: Retrospective cohort
Sample: n=97,518 live singleton
births

Outcome: CA (heart, orofacial)
Design: Case-control
Sample: n=3,549 cases

Outcome: Post-neonatal mortality
(28 days—1 year)

Design: Case-control

Sample: n=13,146 cases

Avg time: 6-9 AM
Mean: 2.70 ppm
Range: 0.36-9,12 ppm

Avg time: 24 hour
Mean: NR
25"-75"%: 1.4-2.46 ppm

Avg time: 24 hour
Mean: 1.63 ppm
Range: 0.38-3.44 ppm

Increment: 3 ppm

RR (95% ClI)

Adjusted for risk factors:

Last 6 weeks: 1.06 (1.02-1.10)

First month: 1.01 (0.97-1.04)

Adjusted for risk factors and season of birth and
conception:

Last 6 weeks: 1.04 (0.99-1.10)

First month: 1.04 (0.99-1.09)

Adjusted for risk factors, NO,, O3, and PMyq:
Last 6 weeks: 1.05 (0.97-1.12)

First month: 1.03 (0.96-1.10)

Increment: <1.4 ppm (reference), 1.14-1.57 (L),
1.57-2.39 (M), >2.39 (H)

OR (95% CI), month 2 of gestation:

Ventricular septal:

CO: (L) (L) 1.62(1.05-2.48); (M) 2.09 (1.19—
3.67); (H) 2.95 (1.44-6.05)

CO+NO,+03+PM;yy: 1.63 (1.00-2.66); (M) 1.97
(1.0-3.91); (H) 2.84 (1.15-6.99)

CO not associated with conotruncal, aortic artery
and valve, or pulmonary artery and valve defects
Increment. 1 ppm

OR (95% CI), exposure period 2 months prior to
death:

All causes: 1.11 (1.06-1.16)

SIDS: 1/19 (1.10-1.28)

OR not significant after adjustment for NO,, Os,
and PM,q
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Developmental Outcomes

Table 3-8. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and

Study

Design features

CO exposure

Effect size

Ritz et al. (2007)
Period: 2003
Location: California

Salam et al. (2005)
Period: 1975-1987
Location: California

Tsai et al. (2006a)
Period: 1994-2000
Location: Taiwan

Outcome: PTB

Design: Nested case-control
Sample: n=2,543 cases,

2,543 controls from 58,316 births in
registry

Outcome: BW, LBW, IUGR
Design: Retrospective cohort
Sample: n=3,901 births (37—
44 weeks)

Outcome: Post-neonatal mortality
(27 days—1 year)

Design: Case-crossover
Sample: n=206 cases

Avg time: 24 hours
Mean: NR
Range: NR

Avg time: 24 hours
Mean: 1.8 ppm
SD: 0.9 ppm

Avg time: 24 hours
Mean: 0.83 ppm
Range: 0.23-1.77 ppm

Increment (ppm): <0.58 (reference), 0.59-0.91(L),
0.92-1.25 (M), >1.25 (H)

OR (95% CI), adjusted for risk factors:

TM1: L, 1.17 (1.08-1.26); M: 1.15 (1.05-1.26);
H: 1.25(1.12-1.38)

Last 6 weeks: L, 1.00 (0.93-1.08); M: 1.08 (0.98-
120); H: 1.03 (0.93-1.14)

Total gestation: L, 0.76 (0.70-0.82); M: 0.84
(0.77-0.91); H: 1.03 (0.91-1.17)

Increment: 1.4 ppm

OR (95% CI):

T™ 1;

LBW, CO: 1.0 (0.7-1.5)

IUGR, CO: 1.2 (1.0-1.4)

B coefficient (95% CI) for [IUGR
T™ 1;

CO: -21.7 (-42,3,-1.1)

CO + Oy -28.6 (-50.4, -6.9)
Increment: 0.31 ppm

OR (95% CI), lag 0-2 days:

All causes: 1.051 (0.304-3.630)
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Table 3-8. Selected Epidemiological Studies of Associations Between Ambient Carbon Monoxide Concentrations and

Developmental Outcomes

Study Design features CO exposure Effect size
Wilhelm and Ritz (2005) Outcome: LBW, PTB Avg time: 24 hours Increment: 1 ppm (<1 mile from monitoring
Period: 1994-2000 Design: Retrospective cohort Mean: 1.2-1.4 ppm station)
Location: California Sample: n=106,483 births for PTB Range: 0.2-5.9 ppm RR (95% ClI), adjusted for risk factors:
outcome, 136,134 births for LBW PTB, TM 1:
outcome CO: 1.06 (1.00-1.12)
CO+NO3+0;: 1.10 (1.01-1.20)
CO+NO3+03+ PMyo: 0.99 (0.83-1.18)
PTB, Last 6 weeks:
CO: 1.04 (0.98-1.09)
CO+NO;+05: 1.10 (1.03-1.18)
CO+NO3+0;3+ PMyy: 0.98 (0.83-1.16)
LBW, TM 3:
CO: 1.10 (0.98-1.23)
CO+NO3+0;: 1.15 (0.98-1.35)
CO+NO;+0O3+ PMyo: 1.21 (0.85-1.74)
Woodruff et al. (2008) Outcome: Post-neonatal mortality Avg time: 24 hours Increment: 0.39 ppm
Period: 1999-2002 (28 days—1 year) Mean: 0.70 ppm OR (95% CI), exposure during age 0—2 months:
Location: U.S. counties with  Design: Retrospective cohort 25"-75"%: 0.48-0.87 ppm All causes: 1.001 (0.95-1.07)
>250,000 residents Sample: n=6,639 deaths of Respiratory:

3,583,495 births

Yang et al. (2006) Outcome: Post-neonatal mortality Avg time: 24 hours
Period: 1994-2000 (27 days—1 year) Mean: 1.158 ppm
Location: Taiwain Design: Case-crossover Range: 0.32-4.84 ppm

Sample: n=471 cases

CO: 1.14 (0.93-1.40)
CO+0;3+PM;+S0,:.1.02 (0.89-1.15)

SIDS: CO: 0.88 (0.76—1.03)

SIDS, CO+0;3+PM;+S0,:.0.96 (0.87-1.06)
Increment: 0.55 ppm

OR (95% Cl),lag 0-2 days:

All causes: 1.038 (0.663—1.624)

BW = birth weight; CA = congenital anomalies; CO = carbon monoxide; IUGR = intrauterine growth rate (BW<1Oth percentile of birth cohort when adjusted for gestational
age); LBW = low birth weight (<2,500 g); PTB = pre-term birth (<37 weeks); OR = odds ratio; SD = standard deviation; SE = standard error; SGA = small for gestational age

(BW<1Oth percentile of birth cohort when adjusted for gestational age); TM = trimester
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and alcohol use during pregnancy. The adjusted odds ratio in the case-control study for pre-term birth
(exposure to >1.25 ppm in first trimester compared to <0.58 ppm) was 1.21 (95% CI: 0.88-1.65; adjusted
for co-variables other than co-pollutants). The odds ratio in the larger cohort (n=58,316) was similar
(odds ratio: 1.25, 95% CI: 1.12-1.38); adjusted for maternal age, race, education, birth season, and
parity). Results of multi-pollutant models were not reported. A larger case-control study, also conducted
in southern California (1999-2000), did not find a significant association between ambient air carbon
monoxide concentration and pre-term birth (Huynh et al. 2006). This study examined 10,673 cases of
pre-term births (<37 weeks of gestation) and 32,119 full-term controls (matched for last menstrual period
date within 2 weeks of cases). The adjusted odds ratios for pre-term birth were not significant, when
adjusted for maternal age, maternal race/cthnicity, maternal education, marital status, and parity (with or
without inclusion of PM, s exposure). A 1 ppm increase in ambient carbon monoxide concentration
during the first month of pregnancy was associated with an odds ratio of 1.10 (95% CI: 0.99-1.20) when
CO was considered alone, and 1.03 (95% CI: 0.83-1.13) after adjustment for PM;,. This study matched
ambient carbon monoxide measurements to subjects whose residence was <5 miles of the monitoring
station, whereas the Ritz et al. (2000, 2007) and Wilhelm and Ritz (2005) studies matched subjects to

<2 miles from the monitoring station.

Other large retrospective cohort studies have examined pre-term births in association with ambient air
carbon monoxide concentrations. Liu et al. (2003) examined a cohort of 229,085 births in Vancouver,
Canada (1985-1998). The odds ratio for pre-term birth for a 1 ppm increase in ambient air carbon
monoxide concentration measured during the first month of pregnancy was 1.08 (95% CI: 1.01-1.15;
adjusted for maternal age, parity, infant sex, birth weight, and season of birth), and remained ¢levated
after adjustment for NO, and O5 (1.08, 95% CI: 1.00-1.20). The mean air carbon monoxide
concentration in the study was 1 ppm and the highest value was 12.8 ppm. A cohort study of

52,113 births in Incheon, Korea (2001-2002) also estimated elevated risks of pre-term birth in association
with increasing ambient air carbon monoxide concentrations during the first trimester. The relative risk
increased with increasing estimated exposure concentration and was 1.26 (95% CI: 1.11-1.44) for the
strata 0.91-1.27 mg/m’ compared to the reference, >0.47-0.63 mg/m’ (adjusted for maternal age, parity,
sex, season of birth, and education level of father and mother; Leem et al. 2006). Results of multi-
pollutant models were not reported. The ambient air carbon monoxide concentrations ranged from
approximately 0.35 to 1.4 ppm and were matched to subjects by spatial kriging (a spatial statistical
method for interpolating exposure levels between sampling locations) with spatial averaging on a scale of
approximately 3.5 km®>. A cohort study of 123,840 births in Sydney, Australia (1998-2000) did not find a

significant association between ambient air carbon monoxide concentration and pre-term birth (Jalaludin
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etal. 2007). The highest odds ratio estimated was 1.24 (95% CI: 0.81-1.91) or a 1 ppm increase in
8-hour maximum carbon monoxide concentration measured during first trimester, based on residence

<5 km of the monitoring station. When exposure estimates were based on city-wide monitoring, the odds
ratio was significantly less than one (0.89, 95% CI: 0.84-0.95), suggesting that risk of pre-term birth
decreased with a 1 ppm increase in air carbon monoxide concentration. The city-wide mean 8-hour

maximum air carbon monoxide concentration was 0.9 ppm (SD: 0.68).

Studies of Low Birth Weight. Results of studies of low birth weight (i.e., <2,500 g or <10 percentile
weight for gestation age) have been mixed with most studies finding associations between increasing
ambient air carbon monoxide concentrations and decreasing birth weight (Bell et al. 2007; Gouveia et al.
2004; Ha et al. 2001; Lee et al. 2003a; Liu et al. 2003, 2007; Maisonet et al. 2001; Mannes et al. 20053;
Medeiros and Gouveia 2005; Parker et al. 2005; Ritz and Yu 1999; Salam et al. 2005; Wilhelm and Ritz
2005). In some studies that found significant regression coefficients (i.e., B coefficients) relating air
carbon monoxide concentration to birth weight (g), magnitudes of the changes in birth weight were not
sufficient to produce elevated risk of low birth weight, where low birth weight is defined categorically as
a birth weight <2,500 g. Furthermore, the relative contribution of co-exposures to other air pollutants has
not been completely elucidated in epidemiology studies. In many, but not all, studies showing significant
associations with birth weight, these associations were not significant after adjustments for exposures to
other co-pollutants (e.g., NO,, O;, PMj,). All of these studies described below estimated risks after
adjustment for typical co-variables that are thought to affect birth weight (¢.g., infant sex, maternal age,
race/ethnicity, and education, interval since previous live birth, previous low birth weight or preterm
infant, level of prenatal care, birth season, parity, and gestational age). Collectively, the reported studies
of birth weight outcomes provide supportive evidence for an association between ambient air carbon

monoxide concentrations and low birth weight.

A series of studies conducted in California found such associations that were stronger when carbon
monoxide was the only pollutant considered in the model and attenuated when adjustments were made for
co-pollutants (Parker et al. 2005; Ritz and Yu 1999; Salam et al. 2005; Wilhelm and Ritz 2005). Mean air
carbon monoxide concentrations in these studies ranged from 0.75 to 2.4 ppm and the highest value
reported was 6.70 ppm (Wilhelm and Ritz 2005). The Ritz and Yu (1999) study found elevated risk of
low birth weight in a sample of 125,573 births (1989-1993). The odds ratio (>5.5 vs. <2.2 ppm during
third trimester) was 1.22 (95% CI: 1.03-1.44) when carbon monoxide alone was the only air pollutant
considered and 1.38 (95% CI: 0.86-2.22) when NO,, O;, and PM;, were included in the model. The

odds ratios remained significant after adjustment for NO,, Os, and PM;,, when the analysis was restricted
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to women <20 years of age (multi-pollutant model: 5.08, 95% CI: 1.77-16.63; carbon monoxide alone:
1.54, 95% CIL: 1.07-2.22). In a follow-up study (Wilhelm and Ritz 2005; 1994-2000) that included
136,134 births, the odds ratio (>1.84 vs. <0.96 ppm) was estimated to be 1.36 (95% CI. 1.04-1.76) for
women who resided <1 mile from an air monitoring station; however, risk was no longer significant when
NO, and 05 (1.29, 95% CI: 0.92-1.81), or NO», O3, and PM;, were included in the model (1.39, 95% CI:
0.77-2.49). A smaller cohort study (1975-1987) of 3,901 births found significant associations between
ambient air carbon monoxide concentrations and low birth weight and intrauterine growth retardation
(IUGR, <15™ percentile of weight at gestational age; Salam et al. 2005). The estimated odds ratio for
IUGR was 1.2 (95% CI: 1.0-1.4) for a 1.4 ppm increase in air carbon monoxide concentration in the first
trimester (carbon monoxide considered alone). Although the odds ratio for low birth weight was not
significant (1.0, 95% CI. 0.7, 1.5), a significant association between increasing air carbon monoxide
concentration and lower birth weight was observed when birth weight was treated as a continuous
variable (B coefficient: -21.7 g, 95% CI. -42.3, -1.1), which persisted when O; was included in the
model (-28.6, 95% CIL. -50.4, -6.9). A cohort study of 18,247 full-term births in California (2000) did not
find a significant association between ambient air carbon monoxide concentration and risk of SGA (i.e.,
small for gestational age, <10" percentile of weight for gestational age; Parker et al. 2005). The SGA
odds ratio (>0.97 vs. <0.57 ppm for entire pregnancy) was 0.95 (95% CIL: 0.81-1.12) when carbon
monoxide was considered alone and 0.82 (95% CI: 0.68-0.99) when adjusted for PM, 5. When treated as
a continuous variable, a significant association between increasing air carbon monoxide concentration and
lower birth weight was found when carbon monoxide was modeled alone (B coefficient: -20.5 g, 95% CI:
-40.1, -0.8); however, the association was not significant when adjusted for PM, 5 (2.6, 95% CI: -20.6,
25.8).

Other studies of low birth weight conducted in the United States have yielded mixed results. A cohort
study of 89,557 full tem births conducted in five northeastern cities (1994-1996) estimated the odds ratio
for low birth weight to be 1.31 (95% CI: 1.06-1.62) for a 1 ppm increase in air carbon monoxide
concentration during the third trimester (Maisonet et al. 2001). When stratified by race, the effect was
only significant among African Americans for the first trimester (odds ratio: 1.43, 95% CI: 1.18-1.74)
and third trimester (odds ratio: 1.75, 95% CI. 1.50-2.04). Results of multi-pollutant models were not
reported. A cohort study of 358,504 births in Connecticut and Massachusetts found a significant
association between increasing ambient air carbon monoxide concentration (for entire pregnancy) and
reduced birth weight (B coefficient: -16.2, 95% CI: -19.7, -12.6), which persisted when adjusted for
NO,, O3, PM;,, PM, 5, or SO, (Bell et al. 2007). However, the magnitude of the change in birth weight
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did not result a significant odds ratio (odds ratio: 1.028, 95% CI. 0.983-1.074). Mean air carbon

monoxide concentrations in the above studies ranged from 0.65 to 0.95 ppm.

Two studies examined low birth weight or IUGR in Canada (Liu et al. 2003, 2007). The Liu et al. (2003)
study included 229,085 births in the Vancouver area (1985-1998), and found a significant association
between ambient air carbon monoxide concentration (during fist month of pregnancy) and IUGR risk per
1 ppm increase in carbon monoxide (odds ratio: 1.06, 95% CI: 1.01-1.10), which persisted when
adjusted for NO,, O;, or SO, (OR estimates not reported). In a larger area study (Liu et al. 2007) that
included 386,202 births (1995-2000), odds ratios were significant for [UGR when ambient air carbon
monoxide concentrations were considered during the first trimester (1.18, 95% CI: 1.14-1.22), second
trimester(1.14, 95% CI: 1.10-1.18), or third trimester (1.19, 95% CI: 1.14-1.24). The odd ratios
remained significant after adjustment for exposures to NO,, and PM, 5. The mean air carbon monoxide

concentration in both studies was 1 ppm and the highest value reported was 5.6 ppm.

Two studies conducted in Seoul, South Korea (1996-1997, 1996-1998) found significantly increased risk
of low birth weight in cohorts of 276,763 births (Ha et al. 2001) and 388,105 births (Lee et al. 2003a). In
the Ha et al. (2001) study, the relative risk of low birth weight for a 0.42 ppm increase in ambient air
carbon monoxide concentration during the first trimesters was 1.08 (95% CI: 1.04-1.12). In the Lee et
al. (2003a) study, the odds ratios for a 0.5 ppm increase in carbon monoxide concentration were

1.04 (95% CI: 1.01-1.07) for the first trimester, 1.03 (1.00-1.06) for the second trimester carbon
monoxide, 0.96 (0.93-0.99) for the third trimester carbon monoxide, and 1.05 (1.01-1.09) for carbon
monoxide concentration during the entire pregnancy. Results of multi-pollutant models were not

reported. The mean air carbon monoxide concentration was 1.2 ppm (range: 0.4-3.4 ppm).

A cohort study conducted in Sydney, Australia (1998-2000) included 138,056 births and found a
significant association between increased ambient air carbon monoxide concentration and decreasing
birth weight (Mannes et al. 2005). For carbon monoxide exposure during the second trimester, an
increase of 1 ppm was associated with a 28.7 g reduction birth weight (95% CI: 7.76-50.98). The
association did not persist when the regression models were adjusted for exposure to NO,, or to PMy; in
two-pollutant models. Furthermore, the magnitude of the effect did not result in a significant risk of SGA
(<2 SD of mean weight for gestational age). The mean ambient carbon monoxide concentration of

0.8 ppm (range: 0-4.6).
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Two cohort studies conducted in Sao Paulo, Brazil also found a significant association between increasing
ambient air carbon monoxide concentration and decreasing birth weight (Gouveia et al. 2004; Medeiros
and Gouveia 2005). In the Gouveia et al. (2004) study, in a cohort of 179,460 births (1997), a 1 ppm
increase in ambient air carbon monoxide concentration during the first trimester was associated with a
23.1 g reduction in birth weight (95% CI. 4.9.0-41.3); however, the effect was not of sufficient
magnitude to result in elevated risk of low birth weight. The Medeiros and Gouveia (2005) included
311,735 births (1998-2000) and estimated a reduction in birth weight of 11.9 g (95% CI: 8.2-15.5) per

1 ppm increase in first trimester carbon monoxide concentration. Here again, odds ratios for low birth
weight were not significant. The ambient carbon monoxide concentrations in these studies ranged from

approximately 1 to 11 ppm.

Studies of Congenital Anomalies. Possible associations between exposures to carbon monoxide and
developmental anomalies have been evaluated in three case-control studies (Gilboa et al. 2005; Hwang
and Jaakkola 2008; Ritz et al. 2002). Although two of the studies found significant associations between
carbon monoxide and heart anomalies (i.¢., ventricular septic defects (Ritz et al. 2002) and conotruncal
defects (Gilboa et al. 2005), the two studies did not corroborate their findings. The Ritz et al. (2002)
study did not find a significant association of conotrunal defects, and the Gilboa et al. (2005) study did
not find a significant association with ventricular septal defects. The evaluation in the Hwang and
Jaakkola (2008) study was limited to cleft lip and palate and found no association with carbon monoxide,
consistent with the Ritz et al. (2002) study. Collectively, these studies do not provide convincing

evidence for associations between exposure to carbon monoxide and congenital anomalies.

The Ritz et al. (2002) study included 3,549 cases and 10,649 controls born during the period 1987-1993
in southern California. The study included various categories of anomalies including heart and
pulmonary, conotruncal, cleft lip and palate, and chromosomal defects. Of these, significant odds ratios
were found for ventricular septal defects with increasing ambient air carbon monoxide concentration
during the second month of pregnancy. Odds ratios increased with increasing ambient air carbon
monoxide concentration during the second month of pregnancy (<1.14 ppm reference): 1.14-1.60 ppm,
odds ratio 1.62 (95% CI. 1.05-2.48), 1.60-<2.47 ppm, odds ratio 2.09 (95% CI. 1.19-3.67);, >2.47 ppm,
odds ratio 2.95 (95% CI: 1.44-6.05). Significant odds ratios for ventricular septal defects persisted in

multi-pollutant models.

A case-control study conducted in Texas (1996-2000) included 4,594 cases and 3,667 controls (Gilboa et

al. 2005). Anomalies considered in the study included heart and pulmonary, conotruncal, and cleft lip and
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palate. Ofthese, a significant dose trend was evident for Tetralogy of Fallot (a conotuncal anomaly of the
heart), with a significant odds ratio (>0.7 vs. <0.4 ppm) for ambient air carbon monoxide concentration
during the 3 to 8" week of pregnancy (2.04 95% CI: 1.26-3.29). The odds ratio for any conotruncal
anomaly was also significant at the highest exposure category (>0.7 vs. <0.4 ppm) (1.46 95% CIL. 1.03—

2.08). Results of multi-pollutant models were not reported.

A case-control study conducted in Taiwan China (2001-2003) included 653 cases of cleft lip and/or
palate and 6,530 controls and examined associations with ambient air carbon monoxide concentrations
measured during the first trimester of pregnancy (Hwang and Jaakkola 2008). Air carbon monoxide
concentration was not associated with odds ratio for either anomaly in single-pollutant or multiple-

pollutant models (O;, PM,, or SO,).

Studies of Neonatal and Infant Mortality. Studies of possible associations between ambient air carbon
monoxide concentrations and neonatal and infant mortality have yielded mixed results (Ha et al. 2003;
Lin et al. 2004a; Ritz et al. 2006; Tsai et al. 2006a; Woodruff et al. 2008;Yang et al. 2006). Although
increased risk of infant mortality in association with increasing ambient air carbon monoxide
concentrations has been reported (Ha et al. 2003; Ritz et al. 2006), these outcomes have not been
rigorously examined for the possible confounding by birth weight and/or gestational age, two relatively
influential variables in predicting infant mortality. In one study that did examine the effect of
stratification by gestational age or birth weight, the association between air carbon monoxide
concentration and mortality from all causes or sudden infant death syndrome (SIDS) persisted in single-
pollutant models, but not in models that adjusted for NO,, PM;,, and O; (Ritz et al. 2006). Collectively,
these studies do not provide convincing evidence for an association between ambient air carbon monoxide

concentrations and neonatal or infant mortality.

A time-series analysis conducted in Sao Paulo, Brazil (1998-2000) did not find a significant association
between ambient air carbon monoxide concentrations and neonatal mortality (age 1-28 days; Lin et al.
2004a). The mean air carbon monoxide concentration was 2.8 ppm (range: 0.5-10). A case-control
study conducted in California (1989-2000) included 13,146 cases of infant death (age 28 days—1 vyear)
and 151,015 controls (Ritz et al. 2006). Results varied depending on the temporal window for averaging
air carbon monoxide concentration. The odds ratio for infant death for a 1 ppm increase in ambient air
carbon monoxide concentration, averaged for 2 months prior to death, was 1.11 (95% CI: 1.06-1.16),
with higher risk for deaths attributable to SIDS (odds ratio: 1.19; 95% CI. 1.10-1.28). However, risks

were not significant after adjustment for co-pollutants (NO,, PM;,, and O;). For an averaging period of
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2 weeks prior to death, risks were significant for all respiratory-related deaths that occurred between

28 days and 1 year (odds ratio: 1.14, 95% CI: 1.03-1.25) or from age 28 days to 3 months (odds ratio:
1.20, 95% CI: 1.02-1.40). Significant respiratory deaths persisted in multi-pollutant models. The
association between air carbon monoxide concentration and SIDS mortality risk was persistent when the
data were stratified by gestational age and birth weight; however, in these strata, the associations were not
significant after adjustment for exposure to NO,, PM;,, and O;. The mean air carbon monoxide

concentration in the study was 1.6 ppm (range: 0.4-3.4).

A retrospective cohort study analyzed deaths that occurred between age 28 days and 1 year in a cohort of
3,590,134 births (6,939 deaths) across U.S. counties having a population >250,000 residents (1989-2000;
Woodruff et al. 2008). Ambient air carbon monoxide concentration (median: ppm, 25"-75" percentile
range: 0.7-0.9) during the first 2-months postpartum was not associated with infant death of any
category, including all causes (odds ratio: 1.01, 95% CI: 0.95-1.07), respiratory (odds ratio: 1.14, 0.93-
1.40), or SIDS (odds ratio: 0.88, 0.76-1.03). The latter values were estimated from single-pollutant

models; however, similar results were obtained in multi-pollutant models that adjusted for O; and SO..

A time-series study conducted in Seoul, South Korea (1995-1999) found a significant risk of respiratory-
related mortality (age 1 month—1 year) in association with increasing ambient air carbon monoxide
concentration measured on the day of death (odds ratio: 1.388, 95% CI: 1.009-1.911, per 0.57 ppm
increase in carbon monoxide concentration), but not for deaths from all causes (Ha et al. 2003). Two
case-crossover studies conducted in Taiwan, China (1994-2000) did not find a significant association
between ambient air carbon monoxide concentration and infant mortality (Tsai et al. 2006a; Yang et al.
2006). The Tsai et al. (2006a) study included 206 cases (age 28 days—1 year) and the mean ambient air
carbon monoxide concentration was 0.83 ppm (range: 0.23-1.77). The Yang et al. (2006) study included
471 cases (age 27 days—1 year); the mean ambient air carbon monoxide concentration was 1.58 ppm

(range: 0.3-4.8).

Animal Studies. Numerous studies on developmental effects of gestational and early postnatal exposure
to carbon monoxide have been conducted in animals. Study details are summarized in Table 3-9. In
general, most studies evaluated effects of relatively low carbon monoxide concentrations (i.e., <300 ppm),
with exposure concentrations selected to produce maternal COHb levels typically associated with
smoking; however, studies did not consistently report maternal or fetal COHb levels. Studies in animals
have examined effects of carbon monoxide exposure on numerous developmental outcomes, including

several outcomes that have not been assessed in epidemiological studies (e.g., auditory and immune

***DRAFT FOR PUBLIC COMMENT***


http:1.03%e2%80%931.25
http:1.02%e2%80%931.40
http:0.95%e2%80%931.07
http:0.76%e2%80%931.03
http:0.23%e2%80%931.77

»+LNIFWWNOD O179Nd O LAY HTxx

Table 3-9. Effects of Gestational or Perinatal Exposure on Developmental Outcomes in Animals

Reference Species Exposure COHb Results
Effects on birth weight
Astrup et al. 1972 Rabbits Continuous exposure mCOHb: 8-9% in 90 ppm Birth weight: Fetal weight decreased by 11 and 20% in the 90
to 0, 90, or 180 ppm CO group; 16—-18% in or 180 ppm CO groups, respectively.
CO throughout 180 ppm CO group
gestation fCOHb: NR NOAEL (birth weight): Not established
LOAEL (birth weight): 90 ppm CO (mCOHb 8—9%)
Carmines and Rat 2 hours/day to mCOHb: ~30% (measured Birth weight: Significantly decreased by 11%, compare to
Rajendran 2008 600 ppm CO on on GD 20) control.
GDs 6-19 (nose-only fCOHb: NR
exposure) NOAEL (birth weight): Not established
LOAEL (birth weight): 600 ppm CO (MCOHb ~30%)
Fechter and Annau Rats Continuous exposure mCOHb: 15% Birth weight: Decreased by 4.8%, compared to controls (not
1977 to 0 or 150 ppm CO fCOHb: NR statistically significant)
on GDs 0-21
Pre-weanling weight: Pre-weanling weight significantly
decreased, compared to control, on PNDs 4-21 (decreased
by 16 and 27% on PNDs 4 and 21, respectively).
NOAEL (pre-weanling weight): Not established
LOAEL (pre-weanling weight): 60 ppm CO (mCOHb 15%)
Fechter and Annau Rats Continuous exposure mCOHb: NR Birth weight: Decreased by 7.6%, compared to controls.
1980 to 0 or 150 ppm CO fCOHb: NR
on GDs 0-20 NOAEL (pre-weanling weight): Not established
LOAEL (pre-weanling weight): 150 ppm CO
Fechter et al. 1987a  Rats Continuous exposure mCOHb: 11, 18, and 27% Birth weight: Fetal weight decreased by 8.9 and 13.8% in 150

to 0, 75, 150, or In the 75, 150, or 300 ppm
300 ppm CO from CO, respectively

GD 0 through fCOHb: NR

PND 10

and 300 ppm CO groups, respectively compared to control;
by PND 21, no effects of CO treatment on pup weight.

NOAEL (birth weight): 75 ppm CO (mCOHb 11%)
LOAEL (birth weight): 150 ppm CO (mMCOHb 18%)
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Table 3-9. Effects of Gestational or Perinatal Exposure on Developmental Outcomes in Animals

Reference Species

Exposure COHb

Results

Penney et al. 1983 Rats

Prigge and Hochrainer Rats
1977

Storm and Fechter Rats
1985b

Tolcos et al. 2000b Guinea pigs

Continuous exposure mCOHb: 24.9% (in dams
to 0, 157, 166, or exposed to 200 CO,
200 ppm CO on measured over period of
GDs 5-22 PNDs 1-6 days)
fCOHDb: 21.8,24.9, and
3.10-33.5% at 157, 166, or
200 ppm CO, respectively
(at birth)

Continuous exposure mCOHb: NR
to 0, 60, 125, 250, or fCOHb: NR
500 ppm CO on

GDs 0-21

Continuous exposure mCOHb: 11.5, 18.5, and
to 0, 75, 150, or 26.8% in the 75, 150, or
300 ppm CO for 300 ppm CO groups,
entire gestational respectively

period fCOHb: NR

10 hours/day 0 or MCOHDb: 8.5%
200 ppm CO from fCOHb: 13%
GDs 23 or 25 to

GD 68

Effects on central nervous system (central control of respiratory function)

McGregor et al. 1998 Guinea pigs

10 hours/day 0 or mCOHb: 8.5%
200 ppm CO from fCOHDb: 13%
GDs 23 or 25 to GD

68

Birth weight: Statistically significant decrease (~10%) in all
CO groups, compared to control.

NOAEL (birth weight): Not established
LOAEL (birth weight): 157 ppm CO (fCOHb 21.8% )

Birth weight: Dose-related, statistically significant decrease

(7.5-36.7%) in fetal weight at 2125 ppm, compared to control.

NOAEL (birth weight): 60 ppm CO
LOAEL (birth weight): 125 ppm CO

Birth weight: Fetal weight decreased by 12.5% in 300 ppm
CO group, compared to control.

NOAEL (birth weight): 150 ppm CO (MCOHb 18.5%)
LOAEL (birth weight): 300 ppm CO (mCOHb 27%)

Birth weight: Fetal weight decreased by 9.6% in CO group,
compared to control.

NOAEL (birth weight): Not established
LOAEL (birth weight): 200 ppm CO (MCOHb 8.5%)

CNS development (function): On PND 4, pups from CO-
exposed dams exhibited abnormal respiratory responses to
asphyxia and hypercapnia; responses consistent with
developmental alterations in brain stem.

NOAEL (CNS function): Not established
LOAEL (CNS function): 200 ppm CO (mCOHb 8.5%)
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Table 3-9. Effects of Gestational or Perinatal Exposure on Developmental Outcomes in Animals

Reference Species Exposure COHb Results
Effects on central nervous system (behavioral)
De Salvia et al. 1995 Rats 0, 75, or 150 ppm mCOHb: ~15% for CNS development (behavioral effects): Significant
CO on GDs 0-20 150 ppm CO (NR for impairment of acquisition (at 3 and 18 months) and
75 ppm CO) reacquisition (at 18 months) of conditioned avoidance
fCOHb: NR behavior following gestational exposure of pups to 150 ppm
CO.
NOAEL (CNS behavioral): 75 ppm CO
LOAEL (CNS behavioral): 150 ppm CO
Fechter and Annau Rats Continuous exposure mCOHb: 15% CNS development (behavioral effects): During the
1977 to 0 or 150 ppm CO fCOHb: NR preweaning period, CO pups were less active and showed
on GDs 0-21 decreased response to L-DOPA-induced movement
stimulation.
NOAEL (CNS behavioral): Not established
LOAEL (CNS behavioral): 60 ppm CO (mCOHb 15%)
Fechter and Annau Rats Continuous exposure mCOHb: NR CNS development (behavioral effects): Pups of exposed
1980 to0or 150 ppm CO fCOHb: NR dams showed impaired righting reflexes, impaired negative
on GDs 0-20 geotaxis, and delayed homing behavior.
NOAEL (CNS behavioral): Not established
LOAEL (CNS behavioral): 150 ppm CO
Giustino et al. 1999 Rats Continuous exposure mCOHDb: 7.3 and 16.1% in CNS development (behavioral effects): Alterations in

to 75 and 150 ppm 75 and 150 ppm CO
CO on GDs 0-20 groups, respectively
fCOHb: NR

habituation and working memory in young adult male
offspring at PND 40, including decreased time of exploration
of novel objects (75 and 150 ppm CO) and lack of habituation
after the second exposure to a previously viewed object (150
ppm CO); decreased spontaneous motor activity in open field
test (75 and 150 ppm CO).

NOAEL (CNS behavioral): Not established
LOAEL (CNS behavioral): 75 ppm CO
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Table 3-9. Effects of Gestational or Perinatal Exposure on Developmental Outcomes in Animals

Reference

Species

Exposure COHb

Results

Mactutus and Fechter Rats

1985

Singh 1986

Tattoli et al. 1999

Mice

Rats

Continuous exposure mCOHb: 15.6%
to 150 ppm CO over fCOHb: NR
entire gestational

period

Continuous exposure mCOHb: NR
to 0, 65, or 135 ppm fCOHb: NR
COon GDs 7-18

Continuous exposure COHb in pups: NR
to 0, 75, or 150 ppm
CO on PNDs 1-10

CNS development (behavioral effects): Prenatal CO

exposure induced learning and memory deficits in male and
female offspring, as indicated by impairments in reacquisition
performance, an index of retention, on PND 31 and
decrements in two-way conditioned avoidance behavior
(flashing light warnings followed by mild foot shock) on PND
120.

NOAEL (CNS behavioral): Not established
LOAEL (CNS behavioral): 150 ppm CO (mCOHb 15.6%)

CNS development (behavioral effects): On PNDs 1-10, pups

of exposed dams showed impaired righting reflexes (125 ppm
CO), geotaxis (125 ppm CO), and aerial righting reflex (65
and 125 ppm CO)

NOAEL (CNS behavioral): Not established
LOAEL (CNS behavioral): 65 ppm CO

CNS development (behavioral effects): Assessed at 3 and 18

months of age, no effects of early postnatal exposure on
acquisition and reacquisition of an active avoidance task in
both adult and aged rats.

NOAEL: 150 ppm CO
LOAEL: Not established
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Table 3-9. Effects of Gestational or Perinatal Exposure on Developmental Outcomes in Animals

Reference

Species

Exposure

COHb

Results

Effects on central nervous system (neurotransmitter)

Continuous exposure mMCOHb: ~16%
to 0 or 150 ppm CO fCOHb: NR

Cagiano et al. 1998

Fechter and Annau
1977

Fechter and Annau
1980

Fechter et al. 1987a

Storm and Fechter
1985a

Rats

Rats

Rats

Rats

Rats

on GDs 0-20

Continuous exposure mCOHb: 15%
to 0 or 150 ppm CO fCOHb: NR

on GDs 0-21

Continuous exposure mCOHb: NR
to 0 or 150 ppm CO fCOHb: NR

on GDs 0-20

Continuous exposure mCOHDb: 11, 18, and 27%

to 0, 75, 150, or
300 ppm CO from
GD 0 through
PND 10

In the 75, 150, or 300 ppm
CO, respectively
fCOHb: NR

Continuous exposure mCOHb: NR

to 0 or 150 ppm for
entire gestational
period

fCOHb: NR

CNS development (neurotransmitter changes): On PND 80,
no CO effect on basal extracellular levels of dopamine in the
nucleus accumbens; however, the amphetamine-induced
dopamine release was decreased in pups of CO-exposed
dams.

NOAEL (CNS neurotransmitter): Not established
LOAEL (CNS neurotransmitter): 150 ppm CO (mCOHb 16%)

CNS development (neurotransmitter changes): Brain
dopamine content decreased by 45 and 25% on PNDs 1 and
4, respectively.

NOAEL (CNS neurotransmitter): Not established
LOAEL (CNS neurotransmitter): 60 ppm CO (mCOHb 15%)
CNS development (neurotransmitter changes): On PND 1, no

effect of CO exposure on forebrain and hindbrain levels of
dopamine or norepinephrine.

NOAEL (CNS neurotransmitter): 150 ppm CO
LOAEL (CNS neurotransmitter): Not established

CNS development (neurotransmitter changes): On PND 21,

pups of CO-exposed dams showed elevated dopamine levels
in neostriatum (150 and 300 ppm CO).

NOAEL (CNS neurotransmitter): 75 ppm CO (mCOHb 11%)
LOAEL (CNS neurotransmitter): 150 ppm CO (mCOHb 18%)

CNS development (neurotransmitter changes):

Norepinephrine levels (amount and concentration) in
cerebellum (but not cortex) elevated from PNDs 14-42,
compared to controls.

NOAEL (CNS neurotransmitter): Not established
LOAEL (CNS neurotransmitter): 150 ppm CO
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Table 3-9. Effects of Gestational or Perinatal Exposure on Developmental Outcomes in Animals

Reference

Species

Exposure

COHb

Results

Storm and Fechter
1985b

Tolcos et al. 2000b

Rats

Guinea pigs

Continuous exposure mCOHb: 11.5, 18.5, and

to 0, 75, 150, or
300 ppm CO for
entire gestational
period

10 hours/day 0 or
200 ppm CO from
GDs 23 or 25 to
GD 68

26.8% in the 75, 150, or
300 ppm CO groups,
respectively

fCOHb: NR

mMCOHb: 8.5%
fCOHb: 13%

CNS development (neurotransmitter changes): On PND 21,
weight of cerebellum decreased by 8.5 and 11.4% in 150 and
300 ppm CO groups, respectively; dose-related trend for
decreased norepinephrine concentration in pons/medulla (but
not neocortex, hippocampus or cerebellum; decreased
serotonin concentration in pons/medulla in 150 and 300 ppm
CO groups. On PND 42, weight of cerebellum decreased by
8.3% in 300 ppm CO group; dose-related trend for increased
norepinephrine concentration neocortex and hippocampus
(but not pons/medulla or cerebellum).

NOAEL (CNS neurotransmitter): 75 ppm CO (mCOHb
11.5%)
LOAEL (CNS neurotransmitter): 150 ppm CO (mCOHb
18.5%)

CNS development (neurotransmitter changes): Effects on
cholinergic and catecholaminergic pathways in the medulla,
including significant decrease in tyrosine hydroxylase-
immunoreactivity in the nucleus tractus solitarius, dorsal
motor nucleus of the vagus, area postrema, intermediate
reticular nucleus, and the ventrolateral medulla; significant
increase in choline acetyltransferase-immunoreactivity in the
dorsal motor nucleus of the vagus and hypoglossal nucleus,
compared with controls.

NOAEL (CNS neurotransmitter): Not established
LOAEL (CNS neurotransmitter): 200 ppm CO (mCOHb 8.5%)
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Table 3-9. Effects of Gestational or Perinatal Exposure on Developmental Outcomes in Animals

Reference Species Exposure COHb

Results

Effects on central nervous system (auditory system)

Lopez et al. 2003 Rats Continuous exposure mCOHb: NR
to 0,12, 0r 25 ppm fCOHb: NR
CO on PNDs 8-22

Lopez et al. 2008 Rats 10-18 hours/dayto mCOHb: NR
25 ppm COon GDs fCOHb: NR
5—-20 or on GDs 5-

20 plus PNDs 5-20

CNS development (auditory system): Pups examined on

PND 27, nerve terminals innervating inner hair cells were
swollen, with cytoplasmic vacuolization and atrophy (25 ppm
CO); in the 8" cranial nerve at the level of the internal
auditory canal, fibers showed “distorted myelin” with
vacuolization (25 ppm CO); in spiral ganglion neurons of the
organ of corti, decreased immunoreactivity of enzymes
cytochrome oxidase, NADH-TR, and calcium-mediated
myosin ATPase (25 ppm CO); in organ of corti, decreased
immunostaining of neurofilament and myelin basic protein (25
ppm CO).

NOAEL (CNS auditory): 12 ppm CO
LOAEL (CNS auditory): 25 ppm CO

CNS development (auditory system): Similar effects in pups

exposed during gestation only and during gestation and PNDs
5-20. On PND 3, no morphological deterioration, or loss of
inner or outer hair cells; on PND 20, vacuolization on the
afferent terminals at the basal portion of the cochlea; type |
spiral ganglia neurons and afferent nerve fibers showed
decreased neurofilament-immunoreactivity.

NOAEL (CNS auditory): Not established
LOAEL (CNS auditory): 25 ppm CO
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Table 3-9. Effects of Gestational or Perinatal Exposure on Developmental Outcomes in Animals

Reference Species Exposure COHb Results
Stockard-Sullivan Rats 22 hour/day to 12, COHb in pups: 5-7% in CNS development (auditory system): Decreased in
2003 25,50,0r100 ppm 100 ppm CO group (not otoacoustic emissions at 50 and 100 ppm CO, measured at
COon PNDs 6-22 measured in other groups) age 22-24 days; attenuation of the amplitude of the 8" nerve

action potential in all CO groups, measured at age 22—-24
days, with effects persisting though age 73 days in the 50 and
100 ppm CO group (not examined at later ages in other
groups); no effect on auditory brain stem conduction times in
any CO group, measured at ages 22, 30, or 51-52 days .
NOAEL (CNS auditory): Not established
LOAEL (CNS auditory): 12 ppm CO

Webber et al. 2003 Rats Continuous exposure mCOHb: NR CNS development (auditory system): Examined effects of CO

t0 0,12.5, 25, or
50 ppm CO on GDs
8 through 20-22

fCOHb: NR

exposed on central inferior colliculus (an area of the mid-brain
with auditory integrative functions) during period of
synaptogenesis/auditory development. Immunostating of c-
Fos (marker of neuronal activation in the nervous system)
showed significant decrease in C-Fos immunoreactivity in the
central inferior colliculus on PND 27 and PNDs 75-77 in all
CO groups. Results indicate that gestational exposure to CO
can produce changes in the auditory system of rats that
persist into adulthood.

NOAEL (CNS auditory): Not established
LOAEL (CNS auditory): 12.5 ppm CO
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Table 3-9. Effects of Gestational or Perinatal Exposure on Developmental Outcomes in Animals

Reference Species Exposure

Results

Effect on peripheral nervous system
Carratu et al. 1993 Rats

t0 0,75, or 100 ppm 150 ppm CO (NR for
75 ppm CO)
fCOHb: NR

CO on GDs 0-20

Carratu et al. 2000a Rats

to 0 or 150 ppm CO fCOHb: NR

on GDs 0-20

Carratu et al. 2000b Rats
to 0, 75, or 100 ppm
CO on GDs 0-20

Effects on cardiovascular system

Penney et al. 1982 Rats
to 0 or 500 ppm CO
on PNDs 1-32

Continuous exposure mCOHb: ~15% for

PNS development (electrophysiological changes): In sciatic

Continuous exposure mCOHb: 16.02%

nerves isolated on PND 40, inactivation kinetics of inactive
sodium channels were significantly slowed and negative shift
in sodium equilibrium potential was observed in both CO
groups; on PND 270, sciatic nerves showed negative shift in
sodium equilibrium potential both CO groups.

NOAEL (PNS development): Not established
LOAEL (PNS development): 75 ppm CO

PNS development (neuronal development): Altered

Continuous exposure mCOHb: 7.34 and 16.08%

sphingomyelin composition of sciatic nerve, but no effect on
motor activity in pups at PND 90.

NOAEL (PNS development): Not established
LOAEL (PNS development): 150 ppm CO

PNS development (neuronal development): Exposure of

in the 75 and 150 ppm CO
groups, respectively
fCOHb: NR

Continuous exposure COHb in pups:38—42%

dams produced decreased myelin sheath thickness of nerve
fibers (75 and 100 ppm CO) but not axon diameter or motor
activity in pups at PNDs 40 and 90.

NOAEL (PNS development): Not established
LOAEL (PNS development): 75 ppm CO

CVS (heart weight): Relative heart weight increased on PND
14 and remained above normal through PND 104.

NOAEL (developmental heart weight): Not established
LOAEL (developmental heart weight): 500 ppm CO (COHb
38-42%)
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Table 3-9. Effects of Gestational or Perinatal Exposure on Developmental Outcomes in Animals

Reference

Species

Exposure COHb

Results

Penney et al. 1983

Rats

Prigge and Hochrainer Rats

1977

Sartiani et al. 2004

Rats

Continuous exposure mCOHb: 24.9% (in dams
to 0, 157, 166, or exposed to 200 CO,
200 ppm CO on measured over period of
GDs 5-22 PNDs 1-6 days)
fCOHDb: 21.8,24.9, and
3.10-33.5% at 157, 166, or
200 ppm CO, respectively
(at birth)

Continuous exposure mCOHb: NR
to 0, 60, 125, 250, or fCOHb: NR
500 ppm CO on GDs

0-21

Continuous exposure mCOHb: NR
to 0 or 150 ppm CO fCOHb: NR
on GDs 0-20

CVS (heart weight): Dose-related, statistically significant

increased in relative heart weight (10—-108%) in all CO
groups, compared to control.

NOAEL (developmental heart weight): Not established

LOAEL (developmental heart weight): 157 ppm CO (fCOHb
21.8%)

CVS (heart weight): Dose-related, statistically significant

increase in relative heart weight (10-52%) in all CO groups,
compared to control.

NOAEL (developmental heart weight): Not established
LOAEL (developmental heart weight): 60 ppm CO

CVS (myocardial electrophysiological changes): In ventricular

cardiocytes isolated from pups on PNDs 1-60, delayed
development of age-related action potential duration
shortening was observed. Delay was maximum at 4 weeks of
age.

NOAEL (CVS function): Not established
LOAEL (CVS function): 150 ppm CO
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Table 3-9. Effects of Gestational or Perinatal Exposure on Developmental Outcomes in Animals

Reference Species Exposure

Results

Effects on sexual behavior
Cagiano et al. 1998 Rats

t0 0,75, or 150 ppm 75 and 150 ppm CO
groups, respectively
fCOHb: NR

CO on GDs 0-20

Effects on immunological system
Giustino et al. 1993 Rats

to75and 150 ppm  CO group (NRin 75 ppm

CO on GDs 0-20

Giustino et al. 1994 Rats

to75and 150 ppm  CO group (NR in 75 ppm

CO on GDs 0-20

Effects on hematological system
Prigge and Hochrainer Rats

500 ppm CO on GDs
0-21

Continuous exposure mCOHb: ~7.5 and ~16% in

Development of sexual behavior: On PND 80, in pups of

Continuous exposure mMCOHb: ~15% in 150 ppm

dams exposed to 150 ppm CO (but not 75 ppm CO),
alterations in sexual behavior, including increase in mount to
intromission latency, decrease in mount to intromission
frequency, and decrease in ejaculation frequency.

NOAEL (developmental sexual behavior): 75 ppm CO
LOAEL (developmental sexual behavior): 150 ppm CO

Immunological effects: On PNDs 15 and 21, decreased

fCOHb: NR

Continuous exposure mCOHb: ~15% in 150 ppm

splenic macrophage phagocytosis of Candida albicans
(150 ppm CO); on PND 15, decreased splenic macrophage

killing (75 and 150 ppm CO); no effects observed on PND 60.

NOAEL (immunological): Not established
LOAEL (immunological): 75 ppm CO

Immunological effects: On PND 21, significant decreased in

fCOHb: NR

Continuous exposure mCOHb: NR
1977 to 0, 60, 125, 250, or fCOHb: NR

number of leukocyte common antigen cells in 150 ppm CO
group; no effects observed on PND 540.

NOAEL (immunological): 75 ppm CO
LOAEL (immunological): 150 ppm CO (mCOHb ~15%)

Hematological effects: Dose-related, statistically significant
decrease in hematocrit (14.8-34.2%) and hemoglobin (12.5-
28.4%) at =250 ppm, compared to control.

NOAEL (hematological): 125 ppm CO
LOAEL (hematological): 250 ppm CO

CNS = central nervous system; CO = carbon monoxide; COHb = carboxyhemoglobin; CVS = cardiovascular system; f{COHb = fetal COHb; GD = gestation day; LOAEL =
lowest-observed-adverse-effect level, mCOHb = maternal COHb; NOAEL = no-observed-adverse-effect level, NR = not reported; PND = postnatal day
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3. HEALTH EFFECTS

system development). Results of animal studies show adverse developmental effects of gestational and
carly postnatal carbon monoxide exposure, including decreased fetal weight, adverse central nervous
system development, altered peripheral nervous system development, cardiac effects, altered sexual
behavior, immunological effects, and hematological effects. In addition, some studies showed that
developmental effects persisted beyond the postnatal period (Carratu et al. 1993, 2000a, 2000b; De Salvia
etal. 1995; Mactutus and Fechter 1985; Stockard-Sullivan et al. 2003; Webber et al. 2003), although
persistence of effects was not examined in all studies. The lowest LOAEL values for developmental
effects were obtained in studies evaluating effects of carbon monoxide on the developing auditory system
(i.e., LOAEL 12-25 ppm carbon monoxide); however, since other developmental outcomes were not
assessed at this range of low carbon monoxide concentrations, it is not possible to determine if the
developing auditory system is more sensitive to carbon monoxide exposure than other systems, or to

identify a biological basis for such susceptibility.

Birth Weight. Several studies have evaluated effects of gestational exposure to carbon monoxide on birth
weight in rats (Carmines and Rajendran 2008; Fechter and Annau 1977, 1980; Fechter et al. 1980, 1987a;
Penney et al. 1983; Prigge and Hochrainer 1977; Storm and Fechter 1985b), rabbits (Astrup et al. 1972),
and guinea pigs (Tolcos et al. 2000b). Results consistently show that gestational exposure to carbon
monoxide significantly decreased birth weight and/or pre-weanling weight, with LOAEL values ranging
from 60 ppm carbon monoxide (maternal COHb 15%) for continuous exposure during gestation (Fechter
and Annau 1977) to 600 ppm (maternal COHb approximately 30%) for intermittent (2 hours/day)
exposure (Carmines and Rajendran 2008). Decreases in birth weight exhibited exposure concentration-

dependence (Astrup et al. 1972; Fechter et al. 1987a; Prigge and Hochrainer 1977).

Central Nervous System Development. Several studies have observed adverse effects on the developing
central nervous system, including altered control of respiratory function, behavioral effects, changes in
brain neurotransmitters levels, and auditory development. Gestational exposure of guinea pigs to

200 ppm carbon monoxide produced abnormal respiratory responses to asphyxia and hypercapnia,
indicative of altered brain stem development (McGregor et al. 1998). In rat or mouse pups exposed to
60—150 ppm carbon monoxide during gestation, behavioral changes included decreased motor activity
and response to stimulation (Fechter and Annau 1977, 1980), impaired righting reflexes (Fechter and
Annau 1980; Singh 1986), and impaired homing and memory acquisition behaviors (Giustino et al. 1999;
Mactutus and Fechter 1985). Effects on acquisition and reacquisition behavior persisted up to 18 months
of age in rats exposed to 150 ppm carbon monoxide during gestation (De Salvia et al. 1995; Mactutus and

Fechter 19835), although similar effects were not observed in pups exposed to 150 ppm carbon monoxide
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during the early postnatal period (Tattoli et al. 1999). Gestational exposure of rats or guinea pigs to 60—
300 ppm carbon monoxide produced altered levels of dopamine and norepinephrine in several regions of
the brain (Cagiano et al. 1998; Fechter and Annau 1977; Fechter et al. 1987a; Storm and Fechter 1985a,
1985b; Tolcos et al. 2000b). Gestational or postnatal exposure to low levels of carbon monoxide (i.c.,
12-25 ppm) has been shown to have effects on the developing auditory system. Gestational and/or early
postnatal exposure of artificially-reared rat pups (i.¢., reared in formula to allow exposure to the pups
without exposure to the dams during nursing) to 25 ppm carbon monoxide produced morphological
changes in the developing auditory system, including swelling, cytoplasmic vacuolization and atrophy of
nerve terminals innervating inner hair cells, “distorted myelin” with vacuolization in the 8" cranial nerve
at the level of the internal auditory canal, decreased immunoreactivity of the enzymes cytochrome
oxidase, NADH-TR, and calcium-mediated myosin ATPase, and decreased immunostaining of
neurofilament and myelin basic protein in the organ of corti, (Lopez et al. 2003, 2008). Limited
physiological and acoustic testing of pups suggested potential functional impairment in the auditory
system. Exposure of artificially-reared rat pups during the early postnatal period decreased action
potential amplitude of the 8" cranial nerve at >12 ppm carbon monoxide, although the magnitude of the
effect was not dose-dependent. Otoacoustic emissions showed a small reduction in amplitude (3 dB at
two of three frequencies tested and one loudness level) at >50 ppm carbon monoxide, with effects on
action potential amplitude of the 8" nerve persisting through age 73 days (Stockard-Sullivan et al. 2003).
The reduction in amplitude of otoacustic emissions observed in this study was relatively small. Larger
effects are more typically associated with hearing loss (e.g., 10-29 dB across five or more frequencies).
Gestational exposure gestation days (|GDs] 8-20) of dam-reared rat pups to >12.5 ppm carbon monoxide
significantly decreased neuronal activation of the central inferior colliculus (the area or the brain with
auditory integrative function), with effects observed through postnatal days 75-77 (Webber et al. 2003).
Results indicate that carbon monoxide-induced effects on brain auditory integrative neurons can persist

into adulthood.

Peripheral Nervous System Development. Gestational exposure to carbon monoxide produced effects on
peripheral nervous system development. In sciatic nerves of pups exposed during gestation, myelin
sheath thickness was decreased and sphinogmyelin composition was altered at 75-150 ppm carbon
monoxide, with changes persisting through age 90 days (Carratu et al. 2000a, 2000b). Altered nerve
transmission, indicative of slowed inactivation kinetics of inactive sodium channels, was observed in
sciatic nerves from pups exposed to 75 ppm carbon monoxide during gestation, with changes persisting to

age 270 days (Carratu et al. 1993).
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Cardiac Effects. Dose-related increases in heart weight was observed in rat pups exposed to 60-157 ppm
carbon monoxide during gestation (Penney et al. 1983; Prigge and Hochrainer 1977) or to 500 ppm
carbon monoxide during the early postnatal period (Penney et al. 1982). The development of
cardiomyopathy is consistent with a pathophysiological compensatory response to hypoxia. In ventricular
cells isolated from pups exposed to 150 ppm carbon monoxide (but not 75 ppm carbon monoxide) during

gestation, age-related decreases in action potential duration was delayed (Sartiani et al. 2004).

Sexual Behavior. In male pups exposed to 150 ppm carbon monoxide during gestation, altered
development of sexual behavior was observed at age 80 days (Cagiano et al. 1998). Effects included
increased mount to intromission latency, decreased mount to intromission frequency, and decreased

¢jaculation frequency.

Immune System Effects. In studies conducted by Giustino et al. (1993, 1994), gestational exposure
produced reversible alterations in immune system function. Decreases in splenic macrophage
phagocytosis of Candida albicans was observed in pups exposed to 150 ppm carbon monoxide and
decreased splenic macrophage killing was observed in pups exposed to 75 and 150 ppm carbon monoxide
(Giustino et al. 1993); effects did not persist at age 60 days. Rats exposed to 150 ppm carbon monoxide,
but not 75 ppm carbon monoxide, showed an alteration in splenic immune cell populations, with a
significant decreased in leukocyte common antigen cells; effects did not persist to age 540 days (Giustino

ctal. 1994).

Hematological Effects. Dose-related decreases in hematocrit and Hb were observed in pups exposed to
250 and 500 ppm carbon monoxide during gestation (Prigge and Hochrainer 1977). Effects are consistent

with physiological compensatory responses to COHb-induced hypoxia.

3.2.7 Cancer

Epidemiological studies have examined possible associations between exposure to ambient air
concentration of carbon monoxide and cancer mortality (described in Section 3.2.1, Death). A
prospective study examined mortality in a cohort of 552,138 adults in 151 U.S. metropolitan areas,
enrolled in the study in 1982 and followed through 1998 (Jerrett et al. 2003; Pope et al. 1995, 2002).
Based on estimates of average ambient air carbon monoxide concentration during the period 1982—-1998,
increasing air carbon monoxide concentration was significantly associated with decreasing mortality from

lung cancer. A time-series analysis conducted in New York City, New York (1985-1994) evaluated data
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on cancer deaths with or without contributing respiratory diseases (De Leon et al. 2003). Estimates of
cancer mortality risk were significant only in the strata with contributing respiratory disease (risk ratio
was approximately 1.18, the 95% lower confidence limit>1) and did not persist when estimates were
adjusted for ambient concentrations of PM,, (risk ratio approximately 1.06, 95% CI: approximately 0.97—
1.17).

Carbon monoxide has not been assessed for carcinogenicity using animal models.

3.3 GENOTOXICITY

Few studies have evaluated the genotoxic effects of carbon monoxide exposure. Results of available
studies are summarized in Table 3-10. An in vitro bacterial replication assay in Escherichia coli reported
that exposure to carbon monoxide inhibited deoxyribonucleic acid (DNA) synthesis (Cairns and Denhardt
1968); however, interpretation of study results is compromised by poor reporting of experimental and
analytical methods (e.g., carbon monoxide concentration, exposure conditions, and statistical analyses).
Exposure of pregnant mice to carbon monoxide during gestation produced dose-related increases in
micronuclei and sister chromatid exchanges in maternal bone marrow and fetal blood (Kwak et al. 1986).
Pregnant mice were exposed to 0, 1,500, 2,500, or 3,500 ppm carbon monoxide for 10 minutes on GDs 5,
11, or 15 or to 0 or 500 ppm carbon monoxide for 1 hour on gestation days 0-6, 7-13, or 14-20; maternal
bone marrow and fetal blood were examined for micronuclei formation and sister chromatid exchanges on
GD 21. Increases in micronuclei and sister chromatid exchanges in maternal bone marrow and fetal
blood were observed under all carbon monoxide exposure conditions, compared to unexposed controls.
The magnitude of effect was similar in dams and fetuses. Although blood COHb levels were not
measured in this study, a 1-hour exposure to 500 ppm carbon monoxide would be expected to produce a

maternal blood COHb concentration of approximately 20-25% (based on CFK model prediction for rats).

3.4 TOXICOKINETICS

Carbon monoxide exists in the environment as a gas (Henry’s law constant >50,000 atm/mol fraction,

25 °C, see Table 4-2). As a result, humans can be exposed to carbon monoxide from breathing and/or
skin contact with carbon monoxide in air. No information is available on the dermal absorption of carbon
monoxide resulting from exposures to gaseous carbon monoxide. However, as is the case for other gases
that are avidly absorbed from the lung (e.g., O,) during exposures to carbon monoxide in air, dermal
absorption of carbon monoxide through intact skin would be expected to make a minor contribution to
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